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PREFACE 


The  present  monograph  Is  the  first  volume  of  the  Rocket  Radiation 
Handbook  series.  The  unclassified  volumes  of  the  series  are  entitled: 


I.  ROCKET  RADIATION  PHENOMENOLOGY  AND  THEORY 

II.  MODEL  EQUATIONS  FOR  PHOTON  EMISSION  RATES  AND 
ABSORPTION  CROSS-SECTIONS 

III.  FUNDAMENTALS  OF  PHOTONICS 

IV.  GAS  DYNAMICS  AND  FLOW-FIELDS  OF  ROCKET  EXHAUSTS 

V.  ATMOSPHERIC  PROPERTIES  AND  OPTICAL  TRANSMISSION 

VI.  RADIATION  SENSING  SYSTEMS  THEORY 


Although  each  volume  supports  the  others  and  covers  a subject  that  Is  essential 
to  rocket  radiation  science,  most  volumes  stand  on  their  own  and  their  material 
can  be  used  In  other  fields  of  applied  physics  and  engineering. 

The  new  Rocket  Radiation  Handbook  contains  the  results  of  six  years 
of  fundamental  research  and  experimental  data  analyses  of  the  radiant  emissions 
produced  by  rockets  as  they  traverse  the  atmosphere  and  travel  Into  space.  At 
the  present  level  of  development,  the  theory  appears  to  predict  most  observed 
radiations  to  within  the  margin  of  accuracy  imposed  by  uncertainties  in  the 
values  of  some  input  parameters  and  observational  conditions. 

Some  ei.'lier  attempts  tc  derive  theoretical  models  for  observed 
rocket  emissions  were  rather  incomplete  and  unsatisfactory  causing  engineers 
in  the  field  to  become  skeptical  of  any  theoretical  work.  As  a result  the 
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tendency  has  been  to  rely  primarily  on  empirical  Information  and  the  belief 
was  held  by  many  that  satisfactory  analytic  expressions  derived  from  theory, 
would  be  Impossible  to  obtain  In  view  of  the  perplexing  multitude  of  phenomena 
which  appear  to  be  taking  place  simultaneously.  It  is  my  hope  that  the  work 
presented  here  will  dispel  this  notion. 

That  theoretical  physics  can  correctly  predict  the  overall  results 
of  a complex  mixture  of  man-made  physical  events,  if  the  theory  Is  worked  out 
properly  and  the  basic  phenomena  are  understood,  was  dramatically  demonstrated 
during  World  War  II  by  Enrico  Fermi.  Fermi  and  his  associates  developed  the 
theory  of  neutron  transport  and  nuclear  chain  reactors  and  designed  the  first 
nuclear  reactor  entirely  from  theory  without  the  benefit  of  any  data  on  an 
operating  reactor.  Their  first  nuclear  reactor,  when  built,  performed  almost 
exactly  according  to  calculation. 

Another  interesting  example  Is  the  laser.  Although  the  basic  theory 
that  could  have  predicted  the  principle  of  the  laser  existed  In  1930,  unfamil- 
iarity of  applied  scientists  and  engineers  with  this  theory,  delayed  the 
discovery,  of  the  laser  until  I960. 

The  current  Rocket  Radiation  Handbook,  which  is  a complete  revision 
and  considerable  expansion  of  an  earlier  version,  was  sponsored  by  the  Foreign 
Technology  Division  of  USAF-AFSC.  In  particular  credit  Is  d. ^ 

Capt.  Roy  Chardon  who  was  the  Technical  Program  Manager  of  the  effort  and  who 
pushed  most  vigorously  to  have  it  compiled  and  issued.  Col.  G.  R.  Weinbrenner, 
Commander  of  FTD,  Col.  J.  H.  Mann,  Mr.  Ken  Miller,  Mr.  Ted  Larson,  and 
Capt.  Jeff  Johnson  under  whose  direction  t^e  work  was  carried  out,  also 
deserve  full  credit  for  backing  this  work. 
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abstract 


A review  Is  given  of  various  merhanir.ms  responsible  for  the 
generation  of  Infrared,  visible,  and  ultraviolet  radiation  from  aerospace 
rockets.  Key  mechanisms  responsible  for  most  of  the  observed  radiation 
are  identified  by  examining  tha  order-of -magn I tude  of  the  energy  that  is 
fed  to  each  one.  For  the  exhaust,  the  maior  mechanisms  are. 


Undisturbed  Core  Relaxation  fCORE);  Afterburn Ing  (AB);  Air 
Shock  Collisional  Deceleration  (CD);  Atmospheric  Putnolng  (ATMP); 
Solar  Scattering  by  Particles  (SOSP);  Solar  Ultraviolet  Absorp- 
tion and  Reradiation  (SUAR). 

fthile  radiation  from  vehicle  hardware  is  primarily  caused  by: 

Vehicle  Body  Solar  Reflections  (VBSR);  Vehicle  Body  Earth- 
shine  Reflections  (VBER);  Vehicle  Body  Self-Emissions  ,VBSE). 


The  AB  and  CO  mechanisms  are  coupled  and  abbrevi.fsd  ABCO. 
CORE  and  ABCD  radiation  are  produced  In  different  regions  of  the  rocket 
plume  and  it  is  shown  that  they  can  be  analysed  separately;  together 
they  are  responsible  for  most  of  the  Infrared  emissions  from  a thrusting 
rocket.  ATMP  is  a weak  infrored  afterglow  radiation  from  the  slowed- 
down  exhaust  cloud  that  Is  active  only  at  medium-high  altitudes.  It 
Hveays  slowly  but  is  usually  not  observed  because  of  Its  dilution  and 
because  it  is  outside  the  f i« Id-of-view  o'"  a vehicle-tracking  sensor. 

SOSP  and  SUAR  are  primarily  operative  in  the  visible  part  of 
tl'e  spectrum.  SUAR  is  Important  at  altitudes  above  135  km  and  is  shown 
to  be  the  origin  of  severol  spectacular  emissions  in  the  visible  observed 
dt  ring  the  Apol lo  space  flights. 

After  a qualitative  survey,  detailed  quantitative  express it>ns 
me  developed  for  each  of  the  main  mechanisms.  These  expressions  provide 
the  spectral  radiance  as  a function  of  altitude  for  different  types  of 
fuel/exhaust  species,  rocket  hardware  parameters,  and  rocket  trajec- 
tories. In  the  derivation  of  the  analytical  expressions  for  ABCD  and 
CORE  radiances,  a new  approach  Is  presented  which  differs  from  most 
earlier  techniques.  The  new  approach  consists  of  applying  the  conserva- 
tion law  to  the  rate  of  production  and  loss  of  excited  states  In  the 
plume,  the  use  of  Gauss  alvergence  theorem  to  the  radiating  region,  and 
the  application  of  generalized  spectral  broadening  functions  which  are 
evaluated  in  Volume  II.  Although  some  inevitable  approximations  are 
used,  the  new  technique  appears  to  give  results  that  are  more  tractable, 
moi e general,  and  more  exact  than  those  obtained  by  earlier  methods. 

Examples  are  finally  presented  on  how  to  calculate  altitude 
dependent  rocket-radiation  signatures  In  the  Infrared.  Computer- 
celculetad  curves  of  tha  Integrated  radiation  In  selected  spectral  ranges 
of  the  2.66  p>m  H2O  bend  and  the  4.26  M>m  CO2  band  ere  shown  as  a function 
of  flight  time  for  two  different  rockets.  Computer -calculated  NIR  end 
UVI$  spectral  emissions  are  also  presented  as  a function  of  wavelength 
for  a given  altitude. 
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I.  INTRODUCTION 


In  the  last  decade,  a considerable  amount  of  experimental 
Information  has  been  obtained  on  the  radiant  emissions  by  rockets  and  their 
exhaust  gases  In  the  aerospace  environment.  Measurements  ranging  from  the 
far-ul travlolet  to  the  far-infrared  have  been  made  from  such  assorted  plat- 
forms as  satellites,  balloons,  aircraft,  and  from  ground-based  observatories 
(Refs.  I thru  16).  These  measurements  contain  a great  wealth  of  information 
regarding  hlgh-altl tude  and  deep-space  chemical  reactions,  radiative  exci- 
tations and  resonant  transfer  collisions  between  not  only  common  molecules 
like  M^O,  CO^,  CO,  0.,,  and  but  also  less  available  species  such  as 
OH,  0 and  0^,  which  can  exist  In  large  quantities  In  the  upper  atmosphere 
and  In  space.  In  short,  rocket  exhaust  emissions  from  high  altitudes  and 
deep  space  provide  an  extremely  valuable  laboratory  for  studies  on  Inter- 
actions of  important  biospheric  molecules  between  themselves  as  well  as 
wi th  photons . 

It  Is  the  objective  of  this  first  volume  In  the  Rocket  Radiation 
Handbook  Series,  to  review  and  discuss  the  major  nrechanisms  responsible 
for  the  radiant  emissions  from  rockets  and  their  exhausts,  and  to  develop 
quantitative  theoretical  expressions  which  can  predict  these  emissions. 
Once  such  equations  are  available,  and  If  shown  to  be  substantially  correct 
by  comparing  calculations  with  measurements,  they  can  in  principle  be  used 
in  reverse  to  deduce  important  properties  of  various  molecules  from  the 
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observed  radiations,  and  thus  Increase  our  understanding  of  Mgh-altltude 
and  deep-space  reactions  and  phenomena. 

In  Figures  I- I snd  1-2,  some  very  spectacular  emissions  obtained 
during  ttm  Apollo-8  flight  to  the  moon  are  shown  as  observed  and  photographed 
by  the  SAO  Baker-Nunn  cameras  In  Hawaii  and  Spain  (Ref.  7).*  Although 
these  observations  were  made  with  black-and-white  film  and  thus  are  in  the 
visible  part  of  the  spectrum,  obviously  the  emissions  may  be  expected  to 
extend  Into  the  Infrared  as  well.  In  Figure  1-3,  the  strong  near- 1 nf rared 
emissions  from  the  Vj  vibrational  band  of  H^O  (the  most  abundant  rocket 
exhaust  product)  of  a rocket  plume  are  shown  In  the  vicinity  of  2-8  pm 
(Ref.  14).  The  absolute  value  of  the  emission  strength  depends  of  course 
on  the  exhaust  product  mass  flow  rate  or  the  rocket  thrust.  As  will  be  seen 
later  It  varies  further  with  rocket  velocity  or  altitude  In  a manner  as 
illustrated  in  Figure  1-4  for  a satellite-launching  rovcket  such  as  the 
At  1 as-Agena-B  or  Saturn. 

The  task  before  us  Is  to  theoretically  predict  and  calculate  the 
spectral  radiations  and  their  Intensities  as  a function  of  rocket  exhaust 
gfls  parameters  and  atmospher Ic/exospher Ic  conditions.  In  doing  this  one 
finds  that  a satisfactory  and  complete  theoretical  treatment  of  rocket  radi- 
ation phenomena  requires  intimate  knowledge  of  a wide  variety  of  scientific 
disciplines,  chief  among  which  are  (see  for  exatiple  Refs.  I through  24): 

( l)  Compressible  Viscous  Fluid  Dynamics  which  Includes 
gas  mixing  and  two-phase  flow  theory 


'**'SA0  - Smithsonian  Astronomical  Observatory.  SAO  has  a worldwide  network 
of  telescopes  and  assisted  NASA  during  the  Apollo  flights. 
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FIGURE  l-l.  BAKER-NUNN  PHOTOGRAPHY  OF  APOLLO-8  TRANSLUNAR  INJECTION 
BURN  OVER  HAWAII  ON  21  DECEMBER  1968 


FIGURE  1-2.  BAKER-NUNN  PHOTOGRAPHY  IN  SPAIN  OF  LOX/LH2  FUEL  DUMP  CLOUD 
BY  APOLLO-8  DURING  TRANSLUNAR  COASTING  ON  2 I DECEMBER  1968 
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(2)  Rocket  Propulsion 

(3)  Kinetic  Theory  of  Gases 

(4)  Chemical  Reaction  Kinetics  and  Combustion 

(5)  Quantum  Theory  of  Radiation 

(6)  Internal  Physics  of  Molecules 

(7)  Spectroscopy 

(8)  Spectral  Line-Broadening  and  Band-Broadening  Theory 

(9)  Macroscopic  Diffusion  and  Transport  Theory 

(10)  Atmospheric  Sciences  and  Atmospheric  Transmission 

( 1 1)  Solar  Radiation 

(12)  Orbital  Mechanics 

( 13)  Sensor  Systems  Theory 

( 14)  Detectability  and  Information  Theory 

( 15)  Geometric  Optics 

With  such  a variety  of  fields,  it  will  clearly  be  difficult  to 
cover  all  topics  to  an  extent  that  meets  everyone's  particular  interests. 
Therefore  for  a number  of  subjects,  special  Appendices  are  provided  which 
briefly  review  some  relations  that  have  been  developed  which  may  not  be  too 
familiar  to  the  average  reader.  For  more  widely-known  topics  however, 
references  are  given  to  the  original  literature  and  no  further  elaboration 
is  given. 

For  a complete  discussion  of  some  new  approaches  that  were 
developed  by  the  author  for  treating  certain  problems  in  rocket  exhaust 
dynamics  and  radiation,  a simple  Appendix  turned  out  to  be  inadequate. 
Thus  three  additional  separate  volumes  were  added  to  the  Rocket  Radiation 
Handbook  Series  to  deal  with  these  special  topics,  namely  "Model  Equations 
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for  Photon  Emission  Rates  and  Absorption  Cross-Sections"  (Vol.  II), 
"Fundamentals  of  Photonics"  (Vol.  Ill),  and  "Gas  Dynamics  and  Flow-Fields 
of  Rocket  Exhausts"  (Vol.  IV). 

In  the  chapter  that  follows,  the  mechanisms  that  are  responsible  fo 
the  emission  of  rocket  radiation  In  the  aciv  pace  environment  will  first  be 
described  and  pre-exami ned.  In  that  chapter  primarily  the  phenomenological 
aspects  of  these  mechanisms  are  reviewed  so  that  a feeling  can  be  obtained  fo 
the  kind  of  problems  that  one  has  to  deal  with  and  their  dimensions.  The 
criteria  of  energy  conservation  and  energy  flow  will  be  used  to  determine 
which  of  the  mechanisms  receive  most  of  the  available  kinetic  and  potential 
energy.  By  assuming  reasonable  bounds  on  the  possible  efficiencies  for  the 
conversion  of  this  energy  into  radiation  via  each  mechanism,  it  will  be  shown 
which  of  the  mechanisms  are  most  Important  and  which  may  be  neglected.  In 
eliminating  weak  mechanisms  in  comparison  with  strong  ones,  one  has  to  be 
careful  of  course  that  comparisons  are  made  in  all  parts  of  the  spectrum.  A 
particular  radiation-producing  mechanism  may  be  weak  in  one  part  of  the  spec- 
trum when  compared  to  others,  but  it  may  be  the  only  one  in  another  portion 
of  the  spectrum  where  it  cannot  be  ignored. 

After  the  preliminary  survey  in  Chapter  2,  detailed  expressions  are 
developed  in  Chapter  3 for  the  spectral  radiant  Intensity  of  the  most  impor- 
tant mechanisms.  These  expressions  give  the  emission  strength  for  each  mech- 
anism as  a function  of  photon  frequency,  altitude,  and  rocket  parameters,  and 
take  into  account  spectial  broadening  and  view  factors.  Though  perhaps  arbi- 
trary, the  study  of  rocket  radiations  In  this  monograph  have  been  limited 
to  the  launch  phase  and  the  space  travel  phase,  omitting  the  reentry  phase 
for  which  ablation  radiation  plays  a major  role.  Reentry  radiation  is  well 
covered  by  such  recent  publications  as  Ref.  25. 
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The  theoretical  approach  used  for  calculating  radiant  emissions 
from  gaseous  rocket  exhausts  used  In  this  monograph  differs  in  some  important 
respects  from  most  other  methods  that  have  been  employed  heretofore.  Leaving 
a rigorous  mathematical  proof  to  Chapter  3,  it  may  be  of  interest  to  point 
out  here  what  the  gross  features  of  this  new  approach  are. 

The  main  feature  of  the  new  approach  is  the  realization  that  under 
steady-state  conditions  the  total  rate  (in  all  directions)  at  which  photons 
escape  from  a hot  exhaust  gas,  when  multiplied  and  integrated  over  the  various 
quantum  energies  that  these  photons  carry,  must  equal  the  total  rate  at  which 
energy  is  supplied  to  excited  molecular  states  in  the  gas,  regardless  of 
whether  the  gas  is  optically  thick  or  thin.  An  optically  thick  volume  of 
gas  merely  acts  as  a "delay  circuit"  or  "resistance"  to  the  outflow  or 
escape  of  photons  from  the  surface  that  bounds  the  volume  of  gas.  The  total 
rate  at  which  photons  escape  is  uneffected  however  whether  the  gas  is  optically 
thick  or  thin  and  is  equal  to  the  total  rate  of  photon  creation  throughout 
the  exhaust  gas  volume  at  any  Instant.  If  this  were  not  so  there  would  be 
no  steady  state. 

The  difference  between  an  optically  thick  and  optically  thin  gas  is 
that  it  takes  an  average  photon  emitted  near  the  center  of  a dense  gas  cloud 
a lot  longer  tc  reach  the  surface  and  escape  than  If  the  photon  was  born  in 
an  optically  thin  gas.  In  the  denser  gas,  an  emitted  photon  is  reabsorbed 
and  reemitted  many  times  and  even  annihilated  due  to  colllsional  deexcitation. 
However  because  In  a dense  gas  the  colllsional  excitation  rate  equals  the 
colllsional  deexcitation  rate*,  colllsional  annihilation  of  virtual  photons 

<^Thls  Is  the  so-called  LTE  (Local  Thermodynamic  Equilibrium)  hypothesis  which 
can  be  Invoked  on  the  basis  of  the  law  of  microscopic  reversibility. 
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is  exactly  balanced  by  colllslonal  creation  of  them.  The  net  result  is  that 
photons  are  simply  retarded  as  they  diffuse  outwards  In  the  gas  towards  the 
surface;  for  each  one  that  starts  out,  eventually  one  will  escape. 

In  Volume  III  of  this  handbook,  the  distribution  of  photons  In  a 
finite  volume  of  gas  will  be  treated  In  detail.  It  Is  shown  there  that  for 
an  optically  dense  volutne  of  gas,  the  omnidirectional  photon  flux  or  fluence 
is  constant  and  has  the  same  value  everywhere  at  the  surface  of  the  gas  vol- 
ume. The  photon  emission  from  the  sur'face  of  such  a dense  gas  volume  Is  then 
"Lambertian"  (like  for  solid  materials),  which  means  that  the  radiant  Intensity 
in  a particular  direction  coming  from  an  element  of  surface  area  is  proportional 
the  cosine  of  the  angle  that  this  direction  makes  with  the  surface.  Since 
i we  shall  see  in  Chapter  3)  we  can  calculate  the  total  photon  production 
rate  at  any  I ns  tan  . (and  their  spectral  distribution)  which  Is  equal  to  the 
tola  photon  escape  rate  from  a rocket  exhaust,  we  can  in  the  case  of  an  opti- 
ca dense  lew-altitude  exhaust  calculate  the  radiant  intensity  in  any 

direction  by  simply  multiplying  the  total  emission  rate  by  a geometrical  "view 
factor"  which  only  depends  on  the  shape  of  the  exhaust  gas  volume  and  the 
angle  at  which  it  Is  viewed. 

For  optically  thin  or  non-dense  exhausts  that  occur  at  high  altitudes, 
the  photon  fluence  at  the  surface  is  not  constant  in  general.  In  Volume  III, 
expressions  are  provided  which  allow  the  calculation  of  the  photon  fluence 
in  non-dense  gases  and  the  emission  intensity  in  various  directions  from  the 
surface  of  various  standard  geometric  volumes  of  gas  (cylinder,  cone,  etc.). 

In  the  limit  of  a completely  transparent  gas,  the  emission  Is  completely  iso- 
. ropic  end  the  total  observed  steradiance  is  proportional  to  the  volume  of 
gas  in  the  observer's  f ield-of-viaw  divided  by  4 tt  steradlans.  Again  it  is 
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possible  to  multiply  the  total  steady  photon  emission  rate  from  a thin  exhaust 
by  a simple  geometric  view  factor^  aa  tte  Ahull  sliuw '111 

The  above-out 1 1 ned  methods  for  calculating  the  radiant  emission 
from  a rocket  exhaust  plume  or  cloud  may  sound  complicated  but  are  actually 
much  simpler  to  carry  out  than  the  commonly-employed  technique  of  "slicing" 
the  gas  volume  into  sections  and  calculating  the  emission  from  each  section, 
taking  into  account  the  absorption  by  Intervening  sections  between  it  and  the 
observer.  The  total  radiation  Is  then  obtained  by  summing  over  all  sections 
(see  for  example  Ref.  14). 

At  the  end  of  Chapter  ? the  sensitivities  are  examined  of  the 
radiant  intensities  to  changes  In  the  values  of  key  parameters  used  in  the 
expressions  developed  In  the  earlier  sections  of  Chapter  3.  In  Chapter  4, 
examples  and  applications  are  given  of  radiation  signature  calculations 
based  on  the  equations  developed  In  Chapter  3.  A series  of  appendices 
and  a nomenclature  list  finally  conclude  this  first  volume  of  the  Rocket 
Radiation  Handbook. 
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2.  SOURCES  AND  PHENOMENOLOGY  OF  NATURAL  ROCKET  RADIATION 


2.  I GENERAL  REVIEW  Oh  ROCKET  RADIATION  SOURCES 

In  this  chapter,  the  main  sources  wi i 1 be  surveyed  that  are 
responsible  for  rocket  radiation  and  preliminary  order-of-magn i tude  estimates 
are  obtained  of  their  contribution  to  the  total  emission. 

If  one  wishes  to  be  all-inclusive,  one  may  list  four  types  of  photon^*' 
radiation  that  can  emanate  from  a rocket,  namely: 

( l)  "Passive"  or  "Natural"  radiation  due  to  body  and 

exhaust  heat,  and  due  to  illumination  by  Solar,  Lunar, 

Earth,  or  Celestial  radiation. 

(2)  "Activated"  radiation  due  to  artificial  illumination 

of  the  rocket  with  radar  or  laser  beams.  This  radiation 
can  be  "pure  reflection  radiation"  or  "luminescent 
reemlsslon"  (see  Ref.  54). 

(3)  "Nuclear"  photon  radiation,  that  is  gammas  and  X-rays 
emitted  by  a radioactive  material  carried  by  the  rocket. 

This  may  for  example  occur  In  the  case  of  a nuclear 
rocket,  or  a radlolsotope-power-package  carrying  rocket. 

(4)  "Elint"  radiation  due  to  telemetry  signals  emitted  from 
guidance-and-control  and  communication  systems  carried 
by  the  rocket. 


*0ther  emanations  (e.g.,  electrons,  neutrons,  etc.)  are  of  course  also 
possible  In  principle. 
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In  this  Handbook  only  Item  ( l)  will  be  considered,  that  Is  the 

passive  or  natural  radiations  which  emit  most  strongly  somewhere  in  the 

10'^  meter  (=  lOO  nm)  to  I0“^  meter  (=  I mm)  wavelength  region  of  the  photon 

spectrum,  that  Is  from  the  ultraviolet  through  the  visible.  Infrared,  and 

into  the  radarwave  region.*  Thus  even  If  the  other  photon  radiations  are 

present  there  is  no  interference  from  nuclear  radiation  which  emits  In  the 
• 1 3 “8 

10  to  lO  meter  region  of  the  spectrum,  and  little  interference  from 

-4  3 

radar  or  telemetry  which  usually  employ  the  lO  to  10  meter  wavelength 
range  (GHz  to  kHz  frequencies). 

Even  if  there  Is  some  spectral  overlap  between  the  natural  rocket 
radiations  and  communication  waves,  the  latter  are  confined  to  very  narrow 
frequency  bands  and  are  man-modulated  (l.e.,  they  are  spatially-  and  phase- 
coherent),  whereas  the  natural  rocket  emissions  In  the  radarwave  region  are 
random  (Incoherent)  and  distributed  over  a large  spectrum.  Thus  they  are 
easily  distinguished.  In  fact  In  telemetry  or  conimunicatlons  technology 
the  natural  rocket  emission?  In  the  radarwave  part  of  the  spectrum  are 
treated  as  noise. 

The  same  can  be  said  for  laser  and  radar  beam  reflection  or 
reemissions  whose  wavelengths  do  fall  In  the  UVIR  range.  They  are  also  con- 
fined to  a narrow  region  of  the  spectrum  and  they  are  at  least  partially 

♦ 

coherent.  Thus  they  are  again  easily  distinguished  from  natural  radiation  in 
case  they  happened  to  be  present.  If  the  radiation  observations  are  highly 
resolved  spectrally,  ."or  broad-band  rocket  radiation  sensors,  the  presence 


*Wa  shall  call  this  region  UVIR  for  short.  Further^^i/e  shall  often  employ  the 
abbreviations  UV  ^ Ultraviolet,  VIS  > VI  » Visible,  IR  ■ Infrared,  and 
RW  a Radarwave  or  Microwave. 
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of  some  laser- induced  radiation  from  a 1 aser- 1 1 1 uml nator  would  be 
unnot  iceable'*^  since  the  total  spectrum- Integrated  natural  radiation  usually 
far  exceeds  the  reflection  or  reemittcd  (narrow  line)  laser  radiation  in 
Intensity  (see  also  Ref.  54). 

The  natural  rocket  radiations  may  be  subdivided  Into  two  major 
groups:  (a)  Vehicle  Hardware  Emissions,  and  (b)  Rocket  Exhaust  Emissions. 

Of  these,  the  vehicle  hardware  emissions  are  easiest  to  understand  as  they 
Involve  solid  surfaces  and  simple  solar  reflections  from  them  or  deal  with 
solid  surface  sel f-emlss Ions.  In  section  2.2  they  are  briefly  reviewed. 

The  emissions  produced  by  the  rocket  exhaust  gases  and  condensab  1 es^”*^ 
are  more  complex  In  nature  as  they  Involve  a multitude  of  Internal  and  exter- 
nal interactions.  It  is  profitable  to  consider  a rocket  exhaust  as  being 

it 

composed  of  two  distinct  parts;  namely  ( l)  the  fast-moving  region  directly 
behind  the  nozzle  which  Is  In  the  process  of  mixing  with  the  ambient  atmo- 
sphere and  Is  colliding  and  slowing  down  with  respect  to  It  — which  region 
we  shall  call  the  "plume,"  , and  (2)  the  exhaust  gases  and  condensables  which 
have  slowed  down  and  come  Into  equilibrium  with  respect  to  the  atmosphere  — 
termed  the  "cloud."  Figure  2-1  Illustrates  these  two  regions. 

Whereas  the  plume  exists  only  as  long  as  there  Is  thrusti.ig,  the 
life  of  the  cloud  Is  theoretically  Infinite,  although  In  practice  the  exhaust 
r.  contained  within  a fixed  observer’s  f -.el d-of-vlew  decreases  due  to  rapid 

expansion  of  the  cloud  by  diffuslonal  aid/or  free  escape  processes.  If 

^^Thls  applies  only  If  a laser-illuminator  Is  under  consideration.  For  a 
i high-energy  laser-beam-powered  rocket,  this  statement  does  not  hold  of  course. 

^Typical  exhaust  gases  are  H2O,  H2  , CO2  , CO  , HCi  : condensables  are 
AigOj  , Cg  , and  HgO. 
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FIGURE  2-1.  ILLUSTRATION  OF  SPATIAL  DISTRIBUTION  AND  RADIATION  PROCESSES  OF  A HIGH-ALTITUDE  ROCKET  EXHAUS 
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observed  from  large  distances  however  (for  example  from  a deep-space  orbit), 
the  cioud  may  remain  totally  within  an  observer's  f ieid-of-view  for  some 
time  as  illustrated  in  Figure  2-2.  If  in  this  case  cloud  radiations  such  as 

atmospheric  pumping  or  solar  fluorescence  are  operative,  significant  contri- 

butions from  these  sources  may  be  expected,  which  continue  after  thrust  ces- 
sation. Atmospheric  pumping  and  solar  fluorescence  will  be  discussed  in 
section  2.3. 

The  total  integrated  persistent  radiation  from  the  entire  cloud 

may  be  substantial  although  the  radiation  intensity  per  unit  surface  area  of 

the  cloud  (Watts/m*)  is  several  orders  of  magnitude  smaller  than  that  of  the 
plume.  If  only  a small  portion'  of  the  cloud  is  viewed,  as  for  example  in 
the  case  of  observing  a rocket  launch  from  a low-altitude  satellite  (LAS) 
such  as  SKYLAB  or  from  an  aircraft  (see  Figure  2-2),  the  radiant  emission 
from  the  rocket  plume,  which  is  much  more  localized  and  higher  in  intensity 
(Watts/m^),  would  far  exceed  the  persistent  radiations  from  the  rocket  cloud 
so  that  the  latter  can  be  Ignored.  For  a high-al tl tude  satellite  (HAS) 
observer  such  as  APOLLO  however,  the  persistent  radiation  from  the  cloud 
ejected  by  the  boosters  may  be  as  large  as  the  plume  of  the  upper  stage  arid 
unless  some  technique  to  discriminate  between  cloud  and  plume  radiation  is 
employed,  such  a deep-space  sensor  would  observe  persistent  rocket  cloud 
radiations  in  certain  unfavorable  viewing  situations. 

For  the  observation  of  short-duration  rocket  maneuvers  or  fuel 
dumps  during  midcourse  flights  or  in  deep  space,  an  observer  on  the  ground, 
in  an  aircraft,  LAS  or  HAS  will  usually  also  have  to  reckon  with  both  rocket 
cloud  and  plume  radiations,  since  his  f ield-of-view  will  usually  cover  botn 
the  cloud  and  the  plume.  Thus  In  this  case  also,  one  has  to  reckon  with 
possible  continuing  cloud  radiation  after  thrust  cessation. 
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An  important  factor  to  be  considered  in  rocket  radiation  work  is 
the  wavelength  region  in  which  most  of  the  radiation  is  emitted.  The  peak- 
radiation  wavelength  region  varies  considerably  with  the  rocket  velocity  of 
altitude  as  the  detailed  analyses  to  be  given  in  Chapter  3 wi  1 1 show.  These 
analyses  reveal  that  for  large  rocket  launchings  such  as  an  Atlas,  most  of 
the  emission  is  in  the  near-infrared  for  the  major  part  of  the  trajectory, 
with  peak  radiations  shifting  slowly  from  lower  to  higher  frequencies  as  the 
rocket  picks  up  speed.  Near  the  burnout  point  when  the  vehicle  has  reached 
velocities  in  the  neighborhood  of  7 to  8 km/sec,  even  ultraviolet  and  visible 
emissions  start  to  become  significant.  If  after  the  launch  phase  a maneuver 
such  as  a retrofiring  is  executed,  the  peak  exhaust  radiation  is  often  in 
the  ultraviolet  or  visible  instead  of  the  infrared,  though  the  latter  is 
enhanced  as  well  of  course.  For  reentries,  the  highest  levels  of  radiation 
are  usually  also  in  the  ultraviolet  and  visible  although  again  infrared 
emissions  are  substantial  as  well. 

The  wavelength  region  in  which  most  radiation  energy  is  emitted 
may  not  always  be  the  best  region  for  observation  of  course.  For  ground- 
based  and  airborne  observations,  atmospheric  attenuation  severely  limits 
which  regions  of  the  spectrum  can  be  used.  For  example  the  high-altitude 
UV  emlssons  which  occur  near  burnout  or  during  space  maneuvers  cannot  be 
observed  even  by  high-flying  aircraft  or  balloons  because  of  the  UV-absorb!ng 
ozone  layer.  Satsllite  observers  on  the  other  hand  can  observe  the  UV  emis- 
sions. In  addition  to  attenuation  considerations,  the  background  and 
foreground  radiations  must  be  considered  before  a final  optimum  observational 
band  can  be  chosen.  This  applies  to  all  types  of  observations  (ground-, 
air-,  and  space-based). 
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2.2  VEHICLE  BODY  EMISSIONS 

Space  vehicle  bodies  can  emit  two  'ypes  of  passive  radiation: 

(a)  Reflected  Sunlight  (daytime  only) 

(b)  Body  Seif-Radiation  (day  or  night) 

For  both  radiations  (a)  and  (b),  the  vehicle  body  cross-section  a(m*)  is 
the  most  important  parameter.  Since  the  solar  constant  is  about  556  Watts/m^ 
for  the  visible  (0.4  < X < 0.7  p,m)  part  of  the  spectrum,  one  finds  that  an 
isotropically-reflecting*  surface  of  a m*  and  reflectivity  p would  give 
rise  to  a radiant  intensity  of: 


/Vehicle 
I Reflected 
I Sunl ight 
\0.4  < X < 0.7  p.m 


556 
2 n 


PCT  = 88.6  p^j^a 

(m*) 


Watts 

ster 


(2.1) 


Most  space  vehicle  surfaces  reflect  diffusely^  instead  of 
isotropically  and  Eq.  (2.  l)  must  bo  modified: 


Vehicle 
Reflected 
Sunl i ght 

0. 4 < X < 0. 7 pirn 


177  tW  PyjjCi 

(l»“) 


Watts 

ster 


(2.2)'  - 


Isotropically  reflecting  = reflecting  equally  In  all  directions. 

♦♦Diffusely  reflecting  = reflecting  in  a direction  0 from  the  surface 
normal  with  a relative  intensity  proportional  to  cos6. 
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where  /(\|i)  is  a function  varying  from  0 to  I,  that  depends  on  the 
vehicle's  surface  geometry  and  on  the  sun-target-observer  angle  \|f . 

Solar  UV  at  wavelengths  below  X = 0.2  |i,m  will  be  completely 
absorbed  by  most  ordinary  rocket  or  space  vehicle  surfaces  and  thus  no 
reflective  contributions  below  this  wavelength  are  normally  seen.  The  solar 
UV  Illumination  between  0.2  and  0.4  p,m  amounts  to  about  120  Watts/m*, 
so  that  reflected  radiant  intensities  In  this  wavelength  region  are: 


/Vehicle 
/ Reflected 
I Sunl i ght 
\0.2  < X < 0.- 


p.mi 


19.  I 

(m^) 


Watts 
ster  ’ 


(2.3) 


for  an  isotropical ly-refiectlng  surface,  and: 


/Vehicle 
/ Reflected 
I Sunl I ght 
\0.2  < X < 0.4 


38.2  /(♦) 

(m') 


Watts 
ster  * 


(2.4) 


for  a diffuse  surface. 

Typical  space  vehicle  bodies  have  cross-sections  ranging  from 
CT  = I m*  to  a = 100  m* . Thus  maximum  radiant  intensities  from  reflected  sun- 
light will  range  from  177  to  17,700  Watts  In  the  visible  (0.4  to  0.7  pm) 
with  Pyjj  * I,  and  8 to  800  Watts  In  the  near-ultraviolet  (0.2  to  0.4  pm), 
with  typical  values  of  p^^  ■>  0.2  . 
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The  self”  or  black-body  emission  by  a space  vehicle  depends  on 
the  vehicle's  tenperature  T.  For  a diffusely  emitting  surface,  the 
biack-body  emission  is  given  by: 


dJ  _ 3.80  X I0~'^  f(^)  a e 

/Sel f-Emission\  X *|exp(~ \ - || 
\by  Vehicle  / \ \ ^ / ) 


Watts 
ster  • p.m 


(2.5) 


I 


where  € is  the  emissivity  of  the  vehicle's  surface,  and  X Is  the 
wavelength  in  |j.m  . 

For  a vehicle  body  terperature  of  T = 273  °K,  the  peak  emissions 
occurs  in  the  neighborhood  of  X = 10  jxm,  and  the  total  emission  in  the  8 
to  12  p.m  region  for  example  is: 


12  p,m 

to  12  y,m  y / ' 

' I Vehicle  J X = 8 p.m 

Vsel f-Eml ss ion  / 


Watts 

ster 


(2.6) 


Thus  typical  space  vehicles  with  ct  = I m*  to  ct  = lOO  m*  will  emit  a 
maximum  (e  = I ; / = l)  of  6 Watts/ster  to  600  Watts/ster  in  the  8 to 
|2  p,m  band. 

It  is  found  that  the  emissions  by  a rocket  plume  in  the  infrared 
part  of  the  spectrum  are  some  1000  to  10,000  times  higher  than  the  inten- 
sities one  obtains  from  Eqs.  (2.5)  or  (2.6)  for  infrared  body  radiation. 
Thus  when  the  rocket  is  thrusting,  the  vehicle  body  self-emissions  can  be 
neglected.  However  during  midcourse  or  deep-space  coasting,  only  body 
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self-emission  occurs  and  thus  under  these  circumstances  the  latter  is  the 
dominant  mechanism  In  the  Infrared. 

The  visible  and  ultraviolet  reflections  of  sunlight  by  the  rocket 
vehicle  are  dominant  of  course  during  most  of  a rocket's  launch  trajectory 
although  near  burnout,  the  visible  and  ultraviolet  contributions  by  the 
exhaust  may  exceed  the  hardware  reflections  for  certain  types  of  rockets. 

In  conclusions,  It  Is  evident  that  both  (visible)  solar  reflections 
and  (Infrared)  body  self-emissions  must  be  Included  In  any  theory  that  has  to 
account  for  all  rocket  radiations  under  any  circumstances  (thrusting  or 
non-thrusting).  In  Chapter  3,  complete  expressions  for  these  radiation 
mechanisms  will  be  given. 
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2.3  ROCKET  EXHAUST  RADIATIONS 

2.3.  I Survey  of  Radiation  Mechanisms 

Rocket  plume  emissions  have  been  Investigated  for  more  than  20  years 
during  which  time  a large  number  of  mechanisms  have  been  proposed  as  the  cause 
of  the  emission  of  exhaust  radiation.  The  main  mechanisms  that  have  been 
considered  or  investigated  are  the  following  (see  for  example  Refs.  I to  2i): 

( l)  Undisturbed  Core  or  Mach  Cone  Radiation 

(2)  Afterburning  Radiation 

(3)  ColIIsionai  Deceleration  or  Plume/Air  Shock  Radiation 

(4)  Internal  Shock  Radiation 

(5)  Atmospheric  Pumping  Radiation 

(6)  gh-Altitude  Atomic  Oxygen  Reactions  and  Radiations 

(7)  High-Altitude  Molecular  Association/Dissociation  Radiations 

(8)  Airglow  from  Rocket  Vehicle  Air  Impact  Friction 

(9)  Scattering  of  Rocket  Chamber  Radiation  by  Solid  and  Gaseous 
Exhaust  Products  in  the  Plume 

( |0)  Scatter’-  of  Solar  Radiation  by  Solid  Exhaust  Particies 

(ll)  Scattering  of  Solar  Radiation  by  Molecular  Exhaust  Species 

( |2)  Soiar  Radiation  Absorption  and  UV^  VIS,  IR  Reemission 
( 13)  Plume  Ref  ed  Earthshine 

It  Is  probable  that  ail  mechanisms  listed  above  play  some  part  In  plume 
emission,  but  fortunately  several  types  of  emissions  radiate  much  stronger 
than  others  so  that  the  others  can  be  safely  ignored  In  most  cases  of  Interest. 

To  determine  approximately  what  the  relative  strengths  of  the 
emissions  are  of  the  different  mechanisms.  In  the  next  subsection  the 
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source,  magnitude,  and  distribution  of  the  energy  responsible  for  driving 
each  mechanism  will  be  considered.  By  assuming  some  reasonable  bounds  for 
the  efficiency  of  conversion  of  this  energy  into  radiation  for  each  mecha- 
nism, we  can  then  put  them  in  perspective  and  estimate  which  ones  are  most 
important. 

2.3.2  Energy  Considerations 

As  a starting  point,  consider  the  distribution  of  the  energy 
produced  by  the  rocKet  propellant  combustion  process.  The  energy  created 
in  this  process  is  first  of  all  divided  between  the  rocket  vehicle  which 
gains  kinetic  energy,  and  the  expelled  exhaust  gases  which  get  the  balance 
(see  Ref.  22).  Here,  the  rocket  exhaust  energy  is  of  prime  interest.  The 
total  energy  carried  by  the  exhaust  materials  may  be  envisioned  to  be  in 
four  forms  as  follows: 


«L„  ■ (SL...  • (i), 


'Total 
Exhaust 
Gases 


Exhaust 
Heat 


'Latent 

Chemical 

Energy 


^^'■^Dynamlc  Energy  ''^'■'Potential  Energy 
with  respect  wlhh  racnnrt-  fn 

to  atmosphere 


with  respect  to 
earth  surface 


Watts 


(2.7) 


wher* 


(S), 


Exhaus  t 
Heat 


W AH, 


ft)' 


Watts 


(2.8) 
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= W g ah  , Watts  (2.9) 

' ‘^'Latent 
Chemical 
Energy 


^iu\ 

^dt/ 


Dynamic 


500,000  W V*  , Watts 
r ' 


(2.  10) 


/dU\ 

' 'Potential 


9,800  W h , Watts 


(2.11) 


Here  a balance  was  written  for  the  rate  at  which  energy  is  released  rather 
than  the  total  energy,  since  it  is  the  rate  which  is  of  main  interest. 

The  various  parameters  in  Eqs.  (2.8)  through  (2.11)  are  defined  as: 


W = F/I  = Rocket  mass  expulsion  rate,  kgms/sec 
sp 

F = Rocket  thrust,  kgm  (force) 


I = Specific  impulse,  sec 


sp 


= Moles/kg  of  propellant  fuel  burned  in  rocket  chamber 


9f 

AH 


= Moies/kg  of  unburned  fuel  leaving  rocket  nozzle 
- Molar  heat  of  combustion  of  rocket  fuel,  Jouies/mole 


V-,(h)  . . R.I  ative  velocity  of  exhaust 

with  respect  to  earth-fixed  coordinates,  km/sec 


V (h)  = 

V 


exh 


Rocket  velocity  with  respect  to  earth-fixed  coordinates, 
km/sec 

0.98  X 10*^  = Average  exhaust  velocity  with  respect  to 

rocket,  km/sec 
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h = Altitude,  km 

- Temperature  of  exhaust  gases  In  exit  plane  of  rocket 
nozzle, 


T = 
c 

f 


Total  temperature  of  exhaust  gases  In  combustion 
chamber,  '^K 


r 


f- 


% 


Except  for  outside  sources  such  as  the  sun  or  energy  sources  stored 
in  the  upper  atmosphere,  Eq.  (2.7)  gives  the  maximum  amount  of  energy  that 
could  possibly  be  available  for  the  production  of  plume  radiation.  Of  the 
four  sources  listed,  the  fourth  one  given  by  Eq.  (2.ll)  is  not  known  to  drive 
any  mechanism  resulting  in  plume  radiation  unless  one  considers  reentry.  It 
will  not  be  considered  further. 

The  first  component  in  Eq.  (2.7),  exhaust  heat,  is  the  remaining 
thermal  energy  that  the  exhaust  gases  and  condensables  possess  after  they 
have  done  work  and  propelled  the  rocket,  that  is: 

^Exhaust  ^Combustion  ^Rocket  ^Exhaust 

Heat  Energy  Dynamic  Dynamic 

Energy  Energy 

Usually  the  rocket  gas  flow  parameters  are  expressed  in  terms  of  Euler's 
one-dimensional  gas  dynamic  equations  which  together  with  the  laws 
of  thermodynamics  and  the  assumption  of  adiabatic  conditions  give  the  heat 
content  of  the  gas  and  Its  velocity  as  it  exits  from  the  rocket  nozzle  (see 
Rocket  Radiation  Handbook,  Volume  IV). 

In  the  combustion  of  rocket  fuel,  typical  values  of  the  heat  of 
combustion  AH  are  AH  « 250,000  Joules/mole,  T /T  ^ 0.5,  while 

C C c C 
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Ba  10  moles/kg,  rs  10  moles/kg,  and  may  vary  from  -3  km/sec  at 
sea-level  to  0 km/sec  at  60  to  90  km  altitude  to  +5  km/sec  at  burnout 
(~  150  km).  Thus  for  a rocket  with  a thrust  of  F = 100,000  kg(F)  and 
= 286  sec,  or  for  W = 350  kg(M)/sec  we  have  that: 


'dU\ 

' 'Exhaust 
Heat 


4.38  X 10*  Watts 


(2.  13) 


dlJ.\ 


dt/, 


Latent 

Chemical 

Energy 


8.75  X to*  Watts 


(2.  14) 


' Dynamic 


Watts 

Watts 


43.8  V 10®  Watts 


(h  = 0 km) 

(60  ^ h ^ 90  km) 
(h  150  km) 


(2. 1 5a) 
(2„ 15b) 
(2.  15c) 


Clearly  the  maximum  amounts  of  available  energy  are  enormous.  Of  course  the 
energies  (2.13)  through  (2.15)  do  not  give  the  radiation  energy  yet  since  we 
still  have  to  consider  how  efficiently  this  energy  Is  converted  Into  radiation. 

Let  us  next  Investigate  how  the  available  energy  might  feed  or  drive 
the  radiation  mechanisms  ( l)  through  ( 13)  considered  above.  Core  Radiation 
is  radiation  due  to  the  deexcitation  of  hot  exhaust  species  in  a region  directly 
behind  the  nozzle  called  the  "Undisturbed  Core"  or  "Mach  Cone"  where 
no  air  mixing  has  taken  place  yet.  If  the  mean  transit  time  of  the  exhaust 
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molecules  In  the  core  region  Is  before  they  enter  the  air/exhaust  mixing 
region  and  if  the  mean  time  for  radiant  emission  of  a photon  is  t^,  then,  as 
we  shall  show  rigorously  In  section  3.4,  a fraction  |^l  - exp-(T|v(/T^) j will 
radiate  in  the  core  region. 

As  already  mentioned,  the  energy  for  Core  Radiation  originates  In 

the  rocket's  heat  of  combustion  or  more  precisely  that  portion  of  this  heat 

which  1:  not  converted  into  mechanical  motion.  If  T is  the  ambient  tem- 

a 

perature,  the  maximum  possible  total  Core  Radiation  energy  is  according  to 
the  second  law  of  thermodynamics: 


(*), 


Maximum  Core 

Radiati on 

(All  Wavelengths) 


r I J axp-(4--)l  (2.  16)* 

L \''r/J\  ^e/'  'Rxhaust 

Heat 


Typical  values  of  « 1500  ®K  , « 10  mi  1 1 1 second,  w 10 

millisecond,  while  T ~ 150  °K  . Therefore: 

d 


fdU\ 

'Maximum  Core 
Radiation 
(All  Wavelengths) 


0.63  X 0.83  (^) 


Exhaus  t 
Heat 


= 2,30  X 10  , Watts  for  a rocket  wl th  W = 350  kg(M)/sec 

(2.  17) 


^The  amount  of  heat  radiation  under  consideration  here  should  not  be  confused 
with  the  Intensity  of  radiation  which  is  of  course  proportional  to  T*  . 
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The  amount  given  by  (2.17)  is  clearly  substantial.  Of  course  this  amount 
of  radiation  is  distributed  over  many  different  wavelengths  which  for  most 
rockets  usually  fall  primarily  In  the  infrared  part  of  the  electromagnetic 
spectrum.  The  conclusion  Is  that  Core  radiation  is  an  important  infrared 
contributor  in  rocket  plume  radiations. 


The  next  mechanism,  "afterburning  radiation,"  is  due  to 

combustion  in  the  air  of  unburned  fuel  that  is  stili  present  in  the  exhaust 

that  leaves  the  nozzle.  Because  much. higher  I 's  are  obtained  with  fuel- 

sp 

■I 

rich  exhausts,  propellants  are  mixed  so  that  50  to  80  mole  percent  of  a 
rocket  exhaust  contains  unburned  and  CO  which  can  react  with  0^  in 

the  atmosphere  if  the  latter's  density  is  high  enough.  Since  afterburning 
is  the  process  of  converting  the  remaining  latent  chemical  energy  to  heat 
and  radiation,  we  have: 


Maximum 
Af ter burn- ng 
Radiatior' 

(AI  1 . Wa'.'elengths) 


( 


Latent 

Chemical 

Energy 


(2. 18) 


where  T)  is  the  fractional  degree  of  reaction  of  the  fuel  components  in 

the  exhaust  in  the  afterburning  process  and  T^  is  the  mean  temperature 

of  the  exhaust  and  air  after  mixing  and  partial  combustion.  The  parameter 

is  on  the  order  of  0.3  at  the  lower  altitudes,  dropping  to  0 at  the 

higher  altitudes  due  to  the  lack  of  oxygen  (see  section  3.5).  Further 

T « 1000  * and  T « 250  °K  . Thus: 
r a 
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Afterburning 
Radiation 
(All  Wavelengths) 
( h ~ 20  km) 


1.97  X 10*  Watts,  for  a rocket  wi th  W = 350  kg(M)/sec 

(2.  19) 


Afterburning  radiation  from  rocket  exhausts  is  also  mostly  in  the  infrared 
part  of  the  spectrum  usual iy. 

Coliisional  deceleration  or  plume/air  shock  radiation  as  well  as 
internal  shock  radiation  both  result  from  a conversion  of  bulk  dynamic  energy 
into  heat  and  thence  to  radiation.  This  energy  source  is  represented  by  the 
third  term  in  Eq.  (2.7)  and  given  by  (2.10).  Thus: 


^ \ (M) 

'*^^'TotaI  Coliisional  \ / ' *^^^Dynamic 

Deceleration  or 
Shock  Radiation 
(All  Wavelengths) 


1 1.8  X 10*  , 
0 

32.8  X 10*  , 


Watts  (h  = 0 km  ; w +3  km/sec) 
Watts  (60  ^ h ^ 90  km) 

Watts  I’h  150  km  ; -5  km/sec) 


, for  a rocket  with  W = 350  kg(M)/sec 


(2.20) 


Again  It  is  clear  that  coliisional  deceleration  (CD)  radiation*  is  very 
important  and  stronger  than  any  of  the  others  that  we  have  considered  sc  far 
at  the  low  (h  --  0 to  20  km)  and  high  (h  ~ 150  km)  altitudes. 


*Some  prefer  the  term  "thermal Ization"  or  "air  shock"  radiation. 
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The  fifth  mechanism  on  the  list,  "atmospheric  pumping  radiation" 
derives  its  energy  from  the  upper  atmosphere,  and  not  from  any  energy  reser- 
voirs contained  in  the  plume.  At  high  altitudes  (above  90  km),  a large 
fraction  of  and  0^  molecules  are  in  vibrational ly-exci ted  states 

and  0*  due  to  the  high  temperatures  that  exist  there  (this  energy  came 
originally  from  the  sun  of  course).  Because  and  0^  are  homonuclear 

diatomic  molecules  whose  vibrational  dipole  moment  is  zero,  they  cannot  emit 
(to  first-order)  vibrational  radiation  and  can  only  transfer  or  receive 
excitation  energy  via  collisions.  Thus  If  and  0*  encounter  exhaust 

molecules  such  as  H^O  and  CO2  which  do  radiate  well,  excitation  energy 
is  first  transferred  from  N*  and  0*  to  H^O  t^lcl  CO^  by  collisions  and 
then  emitted  as  radiation.  The  H^O  and  CO^  molecules  dumped  into  the 
upper  atmosphere  by  rocket  exhausts  therefore  act  as  siphons  which  release 
the  otherwise  "lockedr-up"  vibrational  energy  stored  in  and  O^. 

Since  the  "pumping"  or  energy  transfe*"  process  can  occur  over  and  over 
again  because  of  the  infinite  supply  of  excited  N*  and  0*  , "atmospheric 
pumping  radiation"  is  proportional  to  the  total  number  of  radiatublc 
molecules  dumped  in  the  upper  atmosphere.  That  is: 


'iu\ 


Atmospheric 
Pump Ing 


'v  % * ‘aP  - 


Watts 


(2.21) 


whe  re : 

z*  = z*(h)  = Colllslonal  excitation  rate,  sec  * 

c c 

= Quantum  energy  of  emitted  photon.  Joules/mole 


June  1974 


FTD-CW-01-01-74 
Vol.  I 


4^ 


0 


= Moles/kg  of  exhaust  of  radiatable  molecules  X 

W = Exhaust  mass  flow  rate,  kg/sec 

t^p  = Rocket  burn  time  at  altitudes  where  atmospheric 
pumping  is  effective,  sec 


and  g^^ 


Typical  values  in  (2.2 1)  are  z*  = I sec 
20  moles/kg,  so  that: 


e 

Y 


= 36,000  Joules/mole, 


(■f) 

^ 'Atmospheric 
Pump i ng 


720,000  W t^p  , Watts 


(2.22) 


Thus  for  a model  rocket  with  F = 100,000  kg(F)  or  W « 350  kg(M)/sec,  and 
tAp  « 10  seconds,  one  gets: 


^dU\ 

^dt/ 


Atmospher ic 
Pump  1 ng 


25.2  X 10®  , Watts  , 


(2.23) 


which  is  quite  substantial.  Of  course  atmospheric  pumping  radiation  occurs 
over  the  entire  length  of  the  high-altitude  portion  of  the  rocket  trail  where 
atmospheric  pumping  takes  place  and  thus  over  a much  larger  region  in  space 
than  the  other  mechanisms  considered  so  far  which  take  place  within  a kilometer 
or  so  behind  the  rocket.  Thus  a better  way  to  estimate  the  effect  of 
atmospheric  pumping  radiation  is  to  write: 


/M 

Atm.  Pump. 


0.50  X 10* 


Watts/km 


(2.24) 
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where  S^p  = t^p  ~ 5 km/sec  x 10  sec  = 50  km. 

Though  weaker  than  the  other  mechanisms  on  a per  kilometer  basis, 
and  occurring  primarily  at  altitudes  between  90  and  150  kilometers,  it  appears 
that  atmospheric  pumping  radiation  cannot  be  entirely  ignored  particularly  if 
the  sensor  of  the  observer  has  a large  part  of  the  rocket  trail  in  its  field- 
of-view  (see  Figure  2-2).  The  wavelengths  at  which  atmospheric  pumping 
radiation  are  emitted  fall  mainly  in  the  mid~  and  far-infrared. 

The  possibility  of  radiations  that  accompany  high-altitude  chemical 
reactions  between  exhaust  species  and  atomic  oxygen  (e.g.,  H^O  + 0 -♦  ^^*^2 
and  CO  + 0 -•  CO^),  and  high-altitude  dissociations  of  exhaust  species  (e.g., 

COj  -*  CO  + 0 and  H^O  -*  OH  + 0),  Items  (6)  and  (7)  on  the  list,  have  also  been 
considered.  These  processes  are  similar  to  "atmospheric  pumping,"  except 
that  each  chemical  reaction-excitation  process  can  occur  only  once 
for  a particular  exhaust  molecule  and  not  repeatedly  as  is  the  case  for  atmo- 
spheric pumping.  This  is  because  the  suppliers  for  this  radiation  are  the 
exhaust  molecules  which  can  be  consummated  only  once  in  a chemical  reaction, 
whereas  in  atmospheric  pumping  they  remain  chemically  the  same. 

Of  course  If  high-altitude  chemical  reactions  or  dissociations  are 
very  rapid  compared  to  the  atmospheric  pumping  rate,  the  exhaust  molecules  will 
never  get  e chance  to  experience  atmospheric  pumping.  This  latter  situation 
occurs  at  very  high  altitudes  and  in  the  presence  of  solar  ultraviolet 
radiation.  However  between  90  and  130  kilometers,  atmospheric  pumping  Is 
definitely  operative  even  for  a daytime  launch. 

The  emission  of  hlgh-alti tude  chemica'  reaction  radiation  is 
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f— ) 

Chemical 

Reactions 


tude 


% ^ ^ 'hacr 


"hacr  ^ ^ 


(2.25) 


since  the  rate  of  chemical  reaction  (sec”*)  is  estimated  to  be  about  a 
hundred  times  slower  than  the  vibrational  excitation  rate  z*  for  atmospheric 
pumping  and  very  roughly  e 40,000  Joules/mole.  Here  tuApp 
travel  time  of  the  burning  rocket  through  that  portion  of  the  atmosphere 
where  high-altitude  chemical  reactions  can  take  place.  For  W = 350  kg/sec, 
’^HACR=«  assuming  a trail  length  of  = %acR  ^ W = 

kilometers  we  then  get: 


HACR 


« 3.6  X 10- 


Watts/km 


(2.26) 

4 


since  the  radiation  from  these  reactions  will  also  extend  over  a large 
portion  of  the  rocket's  trail  (but  only  back  to  a point  vvhe''e  these  reactions 
are  complete  or  have  come  to  equilibrium).  Because  of  its  weakness,  high- 
altitude  chemical  reactions  (HACR)  will  not  be  further  considered  for  the 
Infrared  region.  The  other  mechanisms  reviewed  earlier  clearly  dominate  in 
the  infrared.  Only  solar  UV-induced  dissocations  that  cause  UV  or  visible 
emissions  will  be  investigated  later  in  soma  detail  as  part  of  mechanism  (i2), 
"solar  UV  absorption  and  reamission  " 


Airglow  from  friction  or  Impact  of  high-altitude  molecules  with 
the  rocket  vehicle  body,  Item  (8)  on  the  list,  has  been  considered  as  a pos- 
sible source  by  some.  Ho»fever  the  total  energy  available  for  this  type  of 
radiation  Is  at  most: 
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Vehicle  Friction 
Ai rglow 

(All  Wavelengths) 


- \g  ("air  V(i  “;)(2  "air  K)  “ 


^-l7 


= 2.48  X 10  ■'  n , 0*  V’  T|.-  , Watts 

air  V V 'AG  ' 


(2.27) 


where: 


n . = n . (h)  = air  density,  molecules/m* 

air  air'  ” 


0 = Diameter  of  rocket  vehicle,  m 

V 


V = V (h),  velocity  of  rocket  vehicle^  km/sec 

V V 


M . = Mass  of  air  molecule,  kgm 

3 1 r 


= Conversion  efficiency  of  heat  to  ai  rglow  radiation 
for  vehicle  air  friction  process 


At  an  altitude  of  say  h - 100  km  in  the  vicinity  of  which  peak  dynamic 
heating  of  an  ascending  rocket  takes  place  usually,  one  has  that 
molecules/m^,  V^  w 3 km/sec,  while  «b!  10  meters  for  a large  rocket.  Then; 


(^7)  ~ 6.70  X 10*  , Watts  (h~  100  km)  (2.28)  j 

' ^ 'Vehicle  Friction 

Airglow  j 

' t 

i 

which  is  negligible  compared  to  the  other  sources  of  plume  energy  even  if 

Tl^g  = I.  Therefore  vehicle-induced  airglow  at  high  altitudes  will  not  be  | 

considered  any  further.  Of  course  during  reentry,  when  high-density  air  Is 
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encountered,  radiation  from  body  friction  Is  very  large.  However  in  this 
monograph  only  pre-reentry  rocket  radiation  phenomena  ere  considered. 

Radiation  generated  in  the  rocket  combustion  chamber  that  escapes 
through  the  nozzle  and  which  is  subsequently  scattered  01  rofracted  by  gaseous 
molecules  and  solid  particies  In  the  rocket  piume  (mechanism  (9))'**'  is  another 
possible  source  of  radiation  which  has  been  suggested.  Since  a rocket  chamber 
behaves  aimost  like  an  ideai  block-body  the  maximum  available  energy  can  be 
calculated  directly  from  Stefan's  Law: 


(^)  . » 5-47  X IO-“  T*  , Watts  , 

' 'Max  I mum  ' ' 

Plume-Scattered 
Chamber  Radiation 


(2.29) 


where  is  the  nozzle  throat  diameter  in  meters  and  is  the  combustion 

chamber  temperature  in  °K.  Taking  a typical  value**  of  = 3600  °K  and 
= 0.3  meter,  one  gets  that: 


(M\ 

' 'Maximum 

Plume-Scattered 
Chamber  Radiation 


6.73  X lO®  , Watts  , 


(2.30) 


Again  this  radiation,  which  is  primarily  in  the  infrared,  is  negligible  compared 
to  the  Core  and  Thermal izatlon  radiation  and  will  not  be  considered  further. 

*Thls  radiation  has  also  been  called  the  "searchlight  effect"  (Ref.  17). 

^Of  course  this  value  of  T is  related  to  the  combustion  energy  production 
rate  and  chamber  hardware  parameters. 
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Next  to  be  considered  are  the  three  solar-illuminated  produced  plume 
radiations.  Items  ( 10)  through  ( 12)  on  the  list.  The  total  illumination  by 
the  sun  is  about  1390  Watts/m*  distributed  over  the  well-known  solar  spectrum, 
ror  scattering  by  solid  exiu'wst  particles  in  the  plume,  the  total  scattered 
radiation  amounts  to: 


= 1390  5 N.  , Watts  (2.3l) 

Particle-Scattered  ^ ^ 

Solar  Radiation 


where: 


Number  of  particles  In  the  plume 


Average  scattering  cross-section  of  an  exhaust 
particle,  m* 


The  number  of  particles  in  an  exhaust  plume  c cloud  is  given  by: 


where: 


N = 
P 


1000  f 
E 


(2.32) 


Rocket  mass  expulsion  rate,  kg/sec 
Burn  time,  sec 

Weight  fraction  In  combustion  products  of  condensable 
species  p 

Average  diamter  of  particles,  cm 
Average  density  of  particles,  gm/cm’ 
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Typical  ly  d ss  10 


-4 


cm» 


3.5  gm/cm*  and  f r:*  I percent  so  that: 


N ~ 5.46  X lO'*  W t.  , particles  (2.33) 

P b 

The  scattering  cross-section  varies  cons Iderably  wi th  particle 

size,  particle  chemistry  and  wavelength.  For  values  of  d^  « I jim  , which 
apply  for  typical  ^J^2^3  and  for  X = JD.5  (jtm  we  have 

a #»  2.5  X 10  m^ . Thus  from  Eqs.  (2.3l)  and  (2.33)  one  obtains  as  upper 
limit  on  the  radiation  due  to  solar  scattering: 


f— ) 

'^^'Particle-Scattered 
Solar  Radiation 


190  W tj^  , Watts  , 


(2.34) 


or  per  kilometer  of  trail: 


^ Particle-Scattered 
Solar  Radiation 


M 190  W/V^  , Watts/km 


(2.35) 


Though  the  radiation  given  by  (2.34)  or  (2.35)  may  appear  to  be  much 
less  than  that  of  the  self-produced  plume  emissions,  Items  ( l)  through  (4), 
the  range  of  wavelengths  over  which  most  of  these  latter  emissions  occur  Is  In 
the  Infrared,  whereas  the  solar-reflected  radiations  are  In  the  visible  which 
is  much  easier  to  detect.  Also  solar-rof lected  radiation  from  exhaust  plumes 
and  clouds  is  continuous  and  extends  over  the  entire  trail  whereas  the  plume 
self-emissions  occur  only  during  thrusting  and  extend  to  a distance  of  only 
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a few  kilometers  behind  the  rocket.  Substituting  typical  values  of 
W = 350  kg/sec  and  V = 3 km/sec  In  (2.35)  one  gets  for  example: 


= 22, 167  Watts/km 


(2.36) 


Particle-Scattered 
Solar  Radiation 


Clearly  particle-reflected  solar  radiation  In  the  visible  can  be  quite  Important, 


The  emission  due  to  molecular-Raylelgh  scattering  of  solar  radiation 


is  given  by: 


© 


Molecular-Raylelgh 
Scattering  of 
Solar  Radiation 


' '”«»Ra,l  = lgh  • if‘b  > «•»'  ' 


where  Oo  1 • u is  the  wavelength-averaged  cross-section  in  m*  for  Rayleigh 
Rayleigh 

scattering  of  solar  photons  by  an  (averaged)  exhaust  molecule,  M^  is  the  average 
mass  of  the  exhaust  molecules  In  kilograms,  and  the  other  parameters  are  the 
same  as  before.  Typical  values  In  (2.37)  are  = 10  m*  (see 


same  as  before.  Typical  values  In  (2.37)  are  a 

—26 

Appendix  G),  and  M = 4. 15  x 10  kg,  so  that: 


Rayleigh 


© 


Molecular-Raylelgh 
Scattering  of 
Solar  Radiation 


3.35  X 10  W t.  , Watts  , 

D 


or  assuming  again  a velocity  of  » 3 km/sec  and  W » 350  kg/sec: 


(2.38) 
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© 


0.39  Watts/km 


Molecul ar-Ray lei gh 
Scattering  of 
Solar  Radiation 


(2.39) 


This  Is  more  than  10,000  times  weaker  than  the  particle-produced  scattered 
radiation  given  by  (2.36).  Because  it  is  so  weak,  molecular-scattered  solar 
radiation  will  not  be  considered  any  further. 

The  solar  spectrum  contains  photons  which  are  resonant  with 
respect  to  vibrational  andelectronic  transitions  in  the  exhaust  species.  Thus 
solar  photon  absorptions  followed  by  reemissions  can  occur  in  rocket  plumes 
(Item  (l2)).  Of  these  resonant  absorptions,  the  infrared  ones  which  cause 
vibrational  excitations  and  which  reemit  in  the  infrared  are  usually  weak  com- 
pared to  the  Infrared  emissions  by  the  other  mechanisms  we  discussed.  However 
very  bright  visible  and  ultraviolet  reemissions  have  been  observed  for  the 
ultraviolet/visible  absorptions  at  the  higher  altitudes  (h  i 130  km)  which 
cause  electronic  excitations  in  the  exhaust  molecules.  For  solar  photons  with 
X s 2400  A,  the  illumination  intensity  is  l(X  < 2400  A)  6W/m*,  so  that: 


' ^'Absorptlon/Reemission 
of  Solar  UV 


= 6 


Watts 


(2.40) 


where  all  parameters  are  the  same  as  before  and  the  absorption  cross-section 

for  solar  UV  photons  10  m*.  Taking  M = 4.  15  x 10  kg  again,  and 

UV  * 

W a 350  kg/sec,  = 3 km/sec,  one  finds  then  that: 
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(-^)  6.5  X 10*  W , Watts  - 

' ^Absorptlon/Reemission 
of  Solar  UV 

^ 6.5  X lO*  W/V^  > Watts/km  = 7.58  x I0*  Watts/km  of  trail  (2-Al) 

> 

This  amount  is  enormous  when  compared  with  Eqs.  (2.36).  and  (2.39).  The 

reemission  that  follows  the  absorption  of  solar  UV  by  exhaust  plumes  and 

clouds  can  of  course  be  partially  In  the  Infrared  part  of  the  spectrum  as 

well  as  in  the  visible  and  ultraviolet.  For  many  exhaust  molecules,  the  solar 

UV  absorption  causes  dissociation  and  excitation  of  one  or  more  dissociated 

atoms  or  radicals.  The  emission  of  these  dissociated  and  excited  radicals 

(e.g.,  OH)  is  usually  In  the  near-UV  or  visible  with  litt'e  or  no  contributions 

in  the  infrared.  f 

Finally  consider  plume-reflected  earthshine  radiation  (item 
(l3)).  The  illumination  is  mostly  In  the  far-IR  (\  = 8 to  14  M-m)  and  amounts 
for  near-earth  altitudes  (h  s 400  km)  to  about  Earthshine*^  ^ Wotts/m*. 

This  amount  when  scattered  from  solid  plume  particles  gives  rise  to  a 
radiation  of  at  most: 


) ~ 5 X 10"^  w/v  = 5.85  X 10"^  , Watts/km  , (2.42) 

^Plume-Reflected  ^ 

IR  Earthshine 


where  the  same  parameters  as  in  Eq.  (2.34)  were  used  except  that  Op 
instead  of  a » 2.5  x 10  m*  , and  again  W * 350  kg/sec,  V m 

Pvis 


IR 

3 


« .0-'2 

km/sec . 


m‘ 


T 


*) 
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Obviously  (2.42)  Is  too  week  to  be  of  any  significance  when 
compared  to  any  of  the  previous  radiations.  For  Raylei gh-scatterlng  by 
exhaust  molecules,  the  reflected  energy  would  be  even  less  than  (2.42). 

Only  molecular  resonant  absorption  and  reemission  of  earthshine  could  yield 
higher  values  than  (2.42)  but  the  atmosphere-filtered  earthshine  Is  com- 
posed of  just  those  photons  that  are  also  transparent  to  rrxDst  exhaust  clouds. 

So  this  possibility  does  not  occur  unless  unusual  molecular  species  are 
present  in  the  exhaust  which  absorb  in  the  8 to  12  p,m  wavelength  region. 

In  the  above,  only  very  rough  estimates  were  obtained  of  the  possible 
importance  of  various  rtrechantsms  on  the  basis  of  total  available  energies 
and  with  minimum  regard  of  the  spectral  distributions  of  the  radiations  or 
the  spatial  extent  over  which  the  emissions  take  place.  In  practical  appli- 
cations, a more  detailed  analysis  of  each  mechanism  is  required  of  course 
which  must  include  the  precise  spectral  regions  in  which  the  radiations  occur, 
the  dependence  of  the  plume  emissions  on  altitude,  and  the  spatial  extent 
over  which  the  emissions  are  spread. 

Though  crude,  the  estimates  obtained  above  for  the  radiation  strengths 
of  various  mechanisms  do  give  some  Insight  into  the  relative  importance  of 
the  mechanisms  and  allow  one  to  disregard  some  obviously  unimportant  ones. 

For  convenience  and  for  comparison,  the  results  of  the  estimated  energy  supply 
and  radiation  rate  calculations  are  summarized  in  Table  2-1. 

It  should  be  emphasized  again  here,  that  most  of  the  expressions  used 
for  estimates  are  Incomplete  In  the  theoretical  physics  sense,  since  we  simply 
inserted  various  parameters  such  as  T , V , etc.,  from  experimental  knowledge. 
Physics  establishes  rigid  relations  for  example  between  the  exit  temperature  T^ 
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and  the  mass  flow  rate  W , the  rocket  chamber  pressure  and  chamber 

temperature  , or  the  photon  flux  that  leaves  the  surface  of  a body  of 
gas.  From  such  physics  relations  one  obtains  for  example  Stefan's 
radiation  law  for  optically  dense  gases  and  solids,  and  by  applying  such 
relationships  throughout  one  can  develop  more  precise  expressions  for  rocket 
radiation  that  are  internally  consistent. 

In  conclusion,  the  calculations  given  are  only  good  for 
order-of-magni tude  estimates.  They  are  unsatisfactory  in  that  they  require 
a priori  knowiedge  of  several  physical  parameters  that  are  not  independent 
but  related  to  each  other  by  well-established  laws  of  physics.  However  they 
do  allow  a quick  assessment  of  the  major  radiation  mechanisms  without  lengthy 
and  rigorous  calculations.  The  latter  will  ow  carried  out  in  Chapter  3. 
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2.4  PHENOMENOLOGY  OF  THE  MAJOR  ROCKET  RADIATION  MECHANISMS* 

Having  identified  the  major  sources  of  rocket  radiation,  let  us 
next  review  each  mechanism  in  more  depth.  In  this  section  the  physical 
aspects  of  the  mechanisms  are  examined  qualitatively  only,  though  with  some 
anticipation  of  the  quantitative  calculations  that  are  given  in  Chapter  3. 


The  vehicle  body  radiations  require  little  additional  discussion  over 
what  was  said  in  section  2.2.**  Thermal  self-emission  in  the  infrared  occurs 
of  course  for  all  bodies  whose  temperatures  are  nonzero  and  is  well  understood 
in  terms  of  the  theories  developed  originally  by  Maxwell,  Boltzmann,  Wien, 
and  Planck  (see  for  example  Chapter  2 of  Ref.  2).  Reflected  solar  radiation 
from  solid  surfaces  is  likewise  a well-studied  and  wel 1 -understood  phenomenon. 


Afterburning  radiation,  as  the  name  indicates,  is  due  to  the  further 
combustion  of  unburnt  rocket  fuel  in  the  atmosphere  after  it  has  been  expelled 
from  the  rocket  into  the  atmosphere.  Most  rockets  attain  the  highest  specific 
impulse  (l^p)  a given  propellant/oxidant  combination  if  the  mixture  is 
burnt  "fuel-rich,"  that  is  if  an  excess  of  hydrogen  or  hydrogen-bearing 
propellant  is  provided  over  and  above  the  stoichiometric  amount  required  for 
complete  combustion.  The  exhausts  of  most  rockets  therefore  contain  large 
amounts  of  unburnt  H^  , CO  , or  hydrocarbons  which,  if  conditions  are 

right,  will  undergo  combustion  with  the  oxygen  of  the  atmosphere  in  the  air/ 
exhaust  mixing  region  of  the  plume  (see  Figure  2-1).  Tables  2-2  and  2-3  list 
typical  rocket  fuels  and  their  exhaust  products. 


♦Some  of  the  material  presented  in  this  section  is  slightly  repetitive 
when  compared  to  the  discussion  given  in  section  2.3.  This  is  done  in  the 
interest  of  completeness. 

♦♦We  shall  abbreviate  the  two  vehicle  body  radiations  by  VBSR  = Vehicle  Body 
Solar  Reflections  and  VBSE  = Vehicle  Body  Sel f-Eml ss Ions . 
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*Data  are  from  Refs.  13,  22,  26,  and  27, 
■**Aerozine-50  = 50m/o  UDMH  j 50m/o  N2H4 
•JMHtData  estimated  from  p.  19-5  of  Ref.  2 
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The  heat  liberated  by  the  Afterburning  (AB)  process  together  with  the 
heat  produced  by  the  air-shock  or  "Collisional  Deceleration"  (CD)^^  of  the  exhaust 
causes  a substantial  tenperature  rise  in  the  air/exhaust  mixing  region  (see 
Figure  2-l)  which  gives  rise  to  what  we  shall  term  "ABCD"  (Afterburning  and  Col- 
lisionai  Deceleration)  radiation  for  short.  At  the  lower  altitudes,  ABCD  radiation 
is  responsible  for  some  90^  of  the  total  infrared  rocket  radiation  with  Mach  Cone 
or  Undisturbed  Core  radlat  ion^*^''  (to  be  discussed  later)  generating  most  of  the 
remainder.  If  the  sun  is  shining,  vehicle  body  solar  reflections  will  give  most 
of  the  visible  signal  although  there  is  also  "spill-over"  visible  radiation  from 
the  ABCD  mechanism  at  low  altitudes  that  causes  the  plume  to  be  visible  when  the 
rocket  lifts  off . 

As  a rocket  reaches  altitudes  above  60  kilometers,  Afterburning  ceases 
to  be  important  in  comparison  with  Core  and  ColUsional  Deceleration  radiations 
because  the  atmospheric  oxygen  supply  (which  sustains  afterburning)  is  very  low 
in  concentration  at  these  altitudes.  Thus  although  we  shall  often  continue  to 
use  the  term  "ABCD"  radiation  for  convenience,  the  Afterburning  contribution  to 
this  radiation  mechanism  ceases  to  be  Important  at  the  higher  altitudes. 

When  a rocket  reaches  a velocity  of  about  = 3 km/sec,  the  average 
air-related  velocity  V = V - V .of  the  exhaust  is  V sa  0 since  the  exhaust 
velocity  ^ km/sec. When  this  happens  (usually  at  an  altitude  of  70  £ 

£ h £ 90  km),  the  radiation  from  Collisional  Deceleration  is  minimal  and 
primarily  Core  Radiation  is  emitted  from  the  plume  (point  B in  Figure  1-4). 

■’•■Still  another  name  sometimes  given  to  this  mechanism  is  "Rethermal  Ization." 

■•'■■’•■We  shall  often  abbreviate  this  to  CORE  or  Core  Radiation. 

■••~*^*The  parameter  designated  is  reserved  for  the  mean  exhaust  velocity  in  the 
nozzle  exit  plene  (see  section  3);  Is  the  maximum  mean  exhaust  velocity 

which  may  be  equal  to  oi  larger  than  Vg  . 
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However  above  an  altitude  of  about  80  to  100  km,  where  the  vehicle  velocity 
V begins  to  exceed  3 km/sec  (and  thus  V = V - V r becomes  positive,  since 
~ 3 km/sec),  the  radiation  due  to  Collislonal  Deceleration  (CO)  becomes 
important  again.  Near  burnout,  both  Core  and  CD  radiation  have  high  values, 
unless  the  altitude  is  above  200  km  where  CD  fades  out. 

It  is  primarily  Collislonal  Deceleration  and  Afterburning  radiation 
that  produces  the  first  maximum  (point  A)  at  low  altitudes  and  is  responsible 
for  the  minimum  at  point  B of  Figure  l-A.  The  second  maximum  at  high  alti- 
tudes (point  C)  is  due  to  both  Core  and  CD  radiation.  As  we  shall  see  in 
Chapter  3,  Collisional  Deceleration  radiation  is  proportional  to  the  factor 
F(V^)  = exp-|B/(X^Vp|  , where  is  the  band-center  emission  wavelength,  and 
B is  a constant.  When  the  rocket  vehicle  velocity  increases  from  0 to 
8 km/sec,  varies  from  -3  km/sec  through  0 km/sec,  ending  at  +5  km/sec 

since  3 km/sec.  Thus  since  F(V^)  is  larger,  the  larger  the  value  of 

is,  a maximum  of  radiation  (for  constant  B and  X ) occurs  at  lift-off  when 
- -3  km/sec,  a minimum  appears  at  = 0 km/sec  and  a second  maximum  occurs 

at  V = +5  km/sec  at  burnout.  The  constant  B has  such  a value  that  when 
r 

I ^ ~ ^ km/sec,  the  factor  F(V^)  Is  high  for  values  of  X^  that  fall  in 

the  infrared  region  due  to  pure  vibrational  transitions.  For  values  of 
that  exceed  4 km/sec,  ul traviol st/vis Ible  emissions  from  allowed  electronic 
transitions  become  also  quite  important.  Of  course  the  infrared  emissions 
get  higher  too  as  the  value  of  V^.  increases  from  4 to  5 km/sec. 

All  these  comments  apply  only  of  course  as  long  as  there  is  air  for 
the  exhaust  to  collide  with.  Above  about  200  km  the  mean  path  between  col- 
lisions exceeds  the  f ield-of-view  and  as  a result  CD  radiation  fades  out 


above  this  altitude. 
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When  the  exhaust  gas  molecules  leave  the  rocket  engine,  a fair 
portion  is  in  excited  vibrational  states.  These  molecules  will  deexcite  in 
a time  on  the  order  of  ten  milliseconds  with  ti.e  emission  of  an  infrared 
photon.^  The  emission  takes  place  directly  behind  the  nozzie  shown  in 
Figure  2-1  where  ambient  air  cannot  mix  with  the  exhaust.  This  Undisturbed 
Core  Region,  also  called  the  Mach  Cone  Region,  is  roughly  conical 
in  shape.  It  is  relatively  small  at  low  altitudes  becoming  larger  and  larger 
at  the  higher  altitudes.  Its  boundary  is  determined  by  the  speed  with  which 
ambient  air  diffuses  inwards  into  the  exhaust  jet  by  turbulent  diffusion. 

At  sea-level  the  length  of  the  core  is  on  the  order  of  two  nozzle  exit  plane 
diameters  (~  I meter),  while  at  burnout  altitudes  (h  ~ 150  km),  it  is  on  the 
order  of  I km  due  to  the  fact  that  the  air  is  extremely  thin  there  and  the 
mean  free  path  for  a collision  has  become  almost  I km.  Figure  2-3  shov;s  the 
exponential  changes  of  the  key  atmospheric  parameters  with  altitude  according 
to  the  U.S.  standard  1962  atmosphere  composed  by  AFCRL  (Ref.  24). 

The  radiation  emitted  by  the  Core  region  is  always  present  throughout 
powered  flight.  Its  magnitude  Is  about  one  to  two  orders-of-magn i tude  smaller 
than  Collisional  Deceleration  radiation  at  the  lower  altitudes,  but  it  starts 
to  rise  at  about  25  km  reaching  a maximum  constant  level  at  120  km  that  is  of 
the  same  magnitude  as  CD  radiation.  Above  200  km,  where  CD  radiation  fades 
out,  Core  radiation  is  the  main  source  of  rocket  radiation  from  a burning  rocket. 

After  passage  through  the  undisturbed  Core  region  where  they 
shed  somr  of  their  internal  excitation  energy,  the  exhaust  molecules  enter 
the  air/exhaust  mixing  region  where  they  encounter  air  molecules  with  which 

<^For  a discussion  of  the  various  types  of  excitations  and  emissions  that  a 
molecule  can  experience,  see  Chapter  I of  Vol.  II,  Rocket  Radiation  Handbook. 
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FIGURE  2-3a.  IMPORTANT  PROPERTIES  OF  THE  EARTH  ATMOSPHERE 
(TEMPERATURE,  PRESSURE,  DENSITY,  AND  MOLECULAR  WEIGHT), 
ACCORDING  TO  U.S.  STANDARD  ATMOSPHERE,  1962 
(After  Ref.  24) 
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FIGURE  2-3b.  IMPORTANT  PROPERTIES  OF  THE  EARTH  ATMOSPHERE  (NUMBER 
DENSITY;  COLLISION  FREQUENCY,  MEAN  FREE  PATH,  AND  MOLECULAR 
SPEED),  ACCORDING  TO  U.S.  STANDARD  ATMOSPHERE,  1962 

(After  Ref.  24) 
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FIGURE  ?-3c.  IMPORTANT  PROPERTIES  OF  THE  EARTH  ATMOSPHERE  (CONCENTRATIONS  OF  MAIN  CONSTITUENTS 
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they  collide  (see  Figure  2-l).  Due  to  the  high  relative  velocities  of  the 

exhaust  trolecules  with  respect  to  the  atmospheric  molecuies  2 to  6 km/sec 

for  boosters  and  7 to  9 km/sec  for  orbital  maneuvers),  vibrational  ((^^)  . «« 

' min 

sa  I km/sec)  and  electronic  ((Vr)  , « 4 km/sec)  excitations  wi i 1 be  induced 

'min 

in  both  the  exhaust  and  atmospheric  molecules  and  atoms  during  these  colii- 
sions.  The  subsequent  emission  of  radiation  after  these  excitations  occurs 
within  microseconds  for  electronic  excitations  and  in  milliseconds  for  the 
vibrational  excitations. 

Since  the  first  fast  collisions  with  air  molecules  occur  within  a 
millisecond  to  seconds  after  the  exhaust  molecules  have  left  the  nozzle  and 
since  subsequent  emission  of  radiation  occurs  within  milliseconds,  the  Col- 
lisional  Deceleration  radiation  produced  by  a rocket  exhaust  's  essentially 
operative  only  as  long  as  the  rocket  is  thrusting.  Within  seconds  after  thrust 
cessation  (the  exact  decay  time  depends  of  course  on  altitude),  all  of  the 
last  exhausted  molecules  have  experienced  at  least  their  first  slowing-down 
collision  and  nearly  all  have  had  two,  three,  or  more  additional  collisions 
and  have  essentially  slowed  down  to  ambient  molecular  speeds  at  altitudes  not 
exceeding  200  kilometers.  We  conclude  from  this  therefore  that  Colllsional 
Deceleration  radiation  ceases  immediately  after  thrust  cessation,  and  while 
the  rocket  is  burning  it  Is  directly  proportional  to  rocket  thrust  which 
determines  the  number  of  molecules  exhausted  per  second  and  thus  the  number 
of  collisions  and  emissions  per  second. 

After  having  slowed  down  In  about  0.1  to  10  seconds,  the  exhaust 
molecules  next  engage  in  energy  exchange  interactions  with  the  ambient  atmo- 
sphere at  equilibrium  (slowed-down)  speeds  In  the  process  we  called 
"Atmospheric  Pumping"  In  section  2.3.  As  we  shall  see  In  Chapter  3,  at 
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altitudes  between  90  and  150  kilometers,  exhaust  molecules  such  as  HgO  and 
COg  can  be  continuously  "pumped"  by  the  atmosphere  and  allowed  to  radiate 
efficiently  in  their  characteristic  vibrational  wavelength  bands.  Since 
Atmospheric  Pumping  (ATMP)  is  repeated  over  and  over  again,  the  radiation 
from  this  process  is  persistent  and  can  be  observed  as  long  as  the  exhaust 
cloud  is  reasonably  dense  and  in  the  f leld-of-vlew  of  the  observer,  and  of 
course  if  its  radiation  intensity  Is  above  any  backgrounds.  ATMP  radiation 
is  weak  in  intensity  (Watts/m*)  when  compared  to  ABCD  and  CORE  radiation 
and  behaves  similarly  to  a high-altitude  atmospheric  cloud  of  water  vapor. 

The  key  altitude-dependent  parameters  of  the  earth  atmosphere 
important  to  the  Atmospheric  Pumping  process  are  shown  in  Figure  2.3.  Prob- 
ably the  most  important  parameters  are  the  atmospheric  collision  frequency 
(or  mean  free  path)  and  the  ambient  temperature.  Figure  2-3b  shows 
above  90  kilometers  the  collision  frequency  between  species  is  less  than 
10*  sec  * or  the  time  between  collisions  is  more  than  I0~^  seconds.  Since, 

as  mentioned,  most  molecular  vibrational  states  deexclte  spontaneously  at 
-4  -3 

decay  times  of  10  to  10  seconds,  this  means  that  a vibrational ly-exci ted 
molecule  has  sufficient  time  to  release  its  excitation  energy  via  the  emission 
of  radiation,  before  a collision  takes  place  in  which  this  energy  is  trans- 
ferred and  redistributed  as  translational  kinetic  energy.  In  macroscopic 
language,  energized  gases  at  densities  above  altitudes  of  90  km  dissipate 
excited  vibrational  energy  more  efficiently  through  radiation  than  via 
conduction  and  convection,  provided  they  are  infrared-active. 

Excited  molecules  such  as  H^O  and  CO^  , or  other  i nf rared-att ' ve 
molecules  can  radiate  efficiently  and  strongly  in  their  vibrational  bands  when 
present  In  the  atmosphere.  Ng  and  Og  on  the  other  hand  do  not  radiate 
vibrational  energy  in  first-order  transitions  because  they  do  not  possess 
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a vibrational  dipole  moment.*  Instead  they  transfer  vibrational  energy  to 
other  N2  and  0^  molecules,  or  to  h^O  and  CO^  molecules  if  present,  by  col- 
lisions. Q.uadrupole  or  higher-order  vibrational  radiative  transitions  are 
possible  for  N2  and  0^  but  they  have  decay  times  of  seconds  to  minutes  so 
that  at  the  altitudes  under  consideration  a collision  has  occurred  (with 
radiationless  energy  transfer)  long  before  the  excited  or  0^  molecule  can 
radiate  a quantum.  At  higher  altitudes  where  the  density  is  low  enough,  the 
higher-order  transitions  can  efficiently  produce  radiation.  However  few 
and  O2  molecules  exist  arty  more  at  these  altitudes  since  prolonged  solar 
irradiation  has  caused  these  molecules  to  dissociate  to  atoms  there. 

It  is  clear  from  the  above  that  large  amounts  of  H^O  or  CO^  dumped 
in  the  atmosphere  at  altitudas  above  90  km  and  below  about  300  km.  If  vlbra- 
tionally  excited,  are  very  efficient  radiators.  The  atmospheric  temperature 
above  an  altitude  of  I 10  km  rises  sharply  from  300  °K  to  1500  °K  at  300  km 
producing  a large  population  o1  vibrational ly-exci ted  0*  and  N*  which  do 
not  radiate.  With  HjO  or  CO^  thrown  in  however  the  atmosphere-stored  exci- 
tation energy  can  be  siphoned  off  in  collislonal  transfers,  and  then 
radiated  away  via  collisions  like  N*  + COj  CO*  + -•  CO^  + + hv  and 

Og  + HgO  -*  H^O  ■*■02“’  ^2®  + Og  + hv  . Because  the  air  density  drops  expo- 
nentially and  exhaust  molecules  get  more  and  more  rapidly  dissociated  at 
high  altitudes,  atmospheric  pumping  at  altitudes  above  about  200  km  is 
extremely  dilute  and  for  most  practical  purposes,  only  at  altitudes  between 
90  and  150  km  can  atmospheric  pumping  radiation  be  strong  enough  (If  captured 
by  the  sensor's  f ield-of-view)  to  be  noticeable. 

*See  Vol.  II,  Rocket  Radiation  Handbook  for  more  details  on  the  radiation 
physics  of  molecules. 
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The  basic  energy  source  responsible  for  Atmospheric  Pumping 
rodiation  is  the  earth's  upper  atmosphere,  or  going  one  step  further  back, 
the  sun  which  excited  the  O2  and  Ng  in  the  upper  atmosphere.  Although  in  day- 
time illumination  by  solar  UV  radiation  at  high  altitudes  will  cause  ultimate 
dissocation  of  most  exhaust  molecules,  the  rate  of  this  dissociation  appears 
to  be  too  slow  to  cause  an  appreciable  effect  on  the  molecular  exhaust  gas 
population  at  altitudes  below  150  km.  Therefore  Atmospheric  Pumping  radiation 
during  usual  observation  times  (minutes)  is  usually  uneffected  by  this 
dissociation  at  altitudes  between  90  and  150  km. 

The  solar  UV  effects  just  mentioned  bring  us  to  the  fifth  important 
radiation  generating  mechanism  in  the  rocket  exhaust.  In  additiof  to,  and 
s ' mul taneous 1 y with  the  "ABCD,"  "CORE,"  and  "ATMP"  radiation  mechanisms, 
ultraviolet  illumination  by  the  sun  which  exists  above  altitudes  of  150 
kilometers  will  promote  strong  absorptions  and  excitations  of  the  exhaust 
molecules,  which  then  reradiate  the  absorbed  energy  at  various  characteristic 
wavelengths.  UV  absorption  cross-sections  are  extremely  high  for  all  molecules 
and  several  order-of-magn i tudes  higher  than  IR  absorption  cross-sections. 

Because  the  sun's  spectrum  drops  very  steeply  in  the  UV  as  shown  in 
Figure  2-4  and  Table  2-4,  the  highest  UV  wavelength  which  a molecule  still 
absorbs  becomes  very  important.  For  rocket  exhaust  gases,  the  OH  molecule  is 
the  species  which  has  the  highest  UV  wavelength  absorption  cut-off  Pti 

3100  Angstroms),  and  thus  the  more  OH  (or  H^O  from  which  it  dissociates)  is 
present  in  a rocket  exhaust,  the  stronger  the  emission  is  from  the  UV 
absorpt  ion/reei.n  ss  ion  or  fluorescence  process.^  Most  other  exhaust  molecules 

■*^We  shall  abbreviate  this  process  to  SUAR  = Solar  Ultraviolet  Absorption  and 
Reradiation.  The  term  "fluorescence"  Is  also  appropriate  though  some  authors 
have  restricted  the  word  "fluorescence"  to  phenomena  that  involve  only 
electronic  excitations  and  deexcitations  In  solid  materials. 
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TABLE  2-4.  SOLAR  SPECTRAL  IRRADIANCE  FOR  QUIET  SUN,  OUTSIDE  THE  EARTH'S 

^ ATMOSPHERE  AT  THE  MEAN  SUN-TO-EARTH  DISTANCE;  H = 1390  W m'^ 

o 


Wavelength 

Interval 

(W  AX"') 

"ax/  "o 
(« 

— 

Wavelength 

Interval 



Hai 

A\ 

(W  m ^ AX"  *) 

V/"o 

(« 

(A) 

1-8 

-9» 

<10 

- 1 1* 
< 10  " 

193 

13.9 

8-31 

lO" 

Q#* 

7 X 10 

162 

! 1.7 

31- 165 

-3^ 

0.70  X 10 

-5^ 

4.9  X 10 

0. 7-0.8 

128 

9.2 

165-303 

I.  !8  X 10"^ 

8.3  X 10”^ 

0.8-0. 9 

101 

7.2 

304 

0.25  X 10’^ 

1.8  X 10"^ 

0. 9-1.0 

81 

5.8 

305-460 

3. 15  X lO'^ 

2.2  X I0“^ 

1.0- 1.  1 

66 

4.8 

460-  12  15 

1.74  X 10"^ 

o 

X 

CNJ 

1.  1-1.2 

55 

4.0 

12  16 

4.40  X lO’^ 

1 

o 

X 

ro 

1.2-1. 3 

45 

3.2 

12 16- 1800 

3.30  X 10"'' 

2.3  X 10"^ 

66 

4.7 

1800-2250 

0.9 

6.5  X lO"^ 

1. 5-2.0 

84 

6.  1 

(tt) 

1. 0-3.0 

54 

3.9 

0.225-0.3 

17 

1.3 

3.0-  1 1.0 

27 

1.9 

0.3-0. 4 

1 10 

7.9 

11.0-30.0 

0.7 

0.05 

0.4-0. 5 

200 

14.4 

1 cm-30  ID 

- 1 1 tt 
10  ' ' 

- 13^^ 

< 10 

Increases  IC’  and  10*  for  disturbed  sun  and  for  Class  3 flare  respectively. 
**Increases  by  factor  of  at  least  50  for  disturbed  sun. 

'^Increases  by  factor  of  7 for  disturbed  sun. 

"^^Increases  by  foctor  of  10*  for  disturbed  sun. 
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have  cut-off  wavelengths  at  approximately  2000  Angstroms,  where  the  solar 
photon  flux  is  less  than  one-tenth  of  that  between  2000  to  3000  Angstroms. 

Besides  solar  absorption  and  reradiation,  solar  photons  can  also  be 
scattered  by  rocket  exhausts  as  discussed  already  in  section  2.3.  Calcula- 
tions show  that  only  scattering  from  solid  particles  present  in  a rocket 
exhaust  are  significant.*  Rayleigh  scattering  from  molecules  is  so  weak  that 
it  can  be  ignored  for  all  practical  urposes.  Since  solid  particles  form 
primarily  in  the  exhausts  of  solid  rockets  (Aj^203  parti'-les  and  H^O  conden- 
sation on  them),  solar  scattering  is  usually  important  only  for  solid  rockets, 
at  high  altitudes.  At  low  altitudes  where  the  atmosphere  is  still  dense,  H^O 
vapor  from  liquid  rockets  can  also  condense  (see  Figure  2-5).  However 
above  90  kilometers,  this  can  happen  only  tn  the  presence  of  a sufficient 
number  of  solid  particle  nuclei,  which  are  usually  absent  in  the  exhausts 
of  liquid-propellant  rockets. 

Whereas  ABCO  and  CORE  radiation  are  proportional  to  flow  rate  or 

thrust  (W  = F/I  ) and  are  emitted  within  a kilometer  or  so  behind  the  rocket 
sp 

in  the  plume  region,  the  emission  from  th?  other  three  mechanisms  (ATMP,  SUAR, 
and  sops)  is  proportional  to  the  total  amount  of  exhaust  product  (W)  that  is 
released  in  the  cloud  region  which  occupies  the  entire  rocket  trail  (see 
Figures  2-1  and  2-2).  It  is  thus  more  appropriate  to  express  the  amount  of 
radiation  from  the  latter  three  mechanisms  on  a per  ki lometer-of-trai 1 basis 
or  even  better  on  the  basis  of  a square  kilometer  In  the  f ield-of-vlew  of  a 
sensor.  It  is  clearly  inportant  then  to  know  how  the  exhaust  spreads  and 
distributes  itself  In  the  atmosphere. 


^We  shall  abbreviate  the  solar  photon  particle  scattering  mechanism  to  SOPS 
i n what  fol lows. 
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Immediately  after  leaving  the  rocket  nozzle,  the  exhaust  molecules 
expand  as  a supersonic  jet  with  a shock  structure  as  illustred  in  Figure  2-1. 
At  high  altitudes,  the  shocks  are  very  thick  and  merge  with  the  air/plume  mix- 
ing region,  because  of  the  thinness  of  the  air.  After  passing  through  the 

''  -3  -2 

undisturbed  core  region  in  about  10  to  lO  seconds,  the  exhaust  molecules 

-2  - 1 

enter  the  mixing  region  where  they  remain  for  approximately  10  to  10 
seconds  and  where  they  undergo  the  slowing-down  collisions  mentioned  before. 
The  maximum  diameter  of  the  plume's  supersonic  region  occurs  where  the  jet  has 
expanded  to  a pressure  that  equals  the  atmospheric  pressure.  Typical  plume 
diameters  vary  between  I and  4 km  at  altitudes  between  150  and  250  kilomet'^rs 
(see  Figure  2-6  and  Ref.  4).  These  are  only  gross  descriptions  and  for  more 
details,  Vol.  iV  of  the  Rocket  Radiation  Handbook  should  be  consulted  which 
discusses  the  fluid  dynamics  and  geometry  of  the  exhaust  plume  in  depth. 

After  slowing  down,  the  molecules  begin  to  diffuse  outward  into 
space  and  into  the  atmosphere  with  a density  distribution  determined  by  the 
diffusion  laws  and/or  free  expansion  physics  depending  on  the  atmospheric 
density.  The  speed  of  average  lateral  diffusion  is  on  the  order  of  meters/ 
second  at  the  lower  altitudes  (h  ~ 100  km)  to  km/sec  In  the  hard  vacuum  of 
space.  It  is  during  this  second  expansion  phase,  that  the  molecules  partici- 
pate in  the  infrared  ATMP  process  (at  altitudes  between  about  90  and  150 
kilometers)  which  may  be  observed  for  minutes  to  hours,  depending  on  the  solid 
r angle  that  the  observer  subtends  at  the  cloud  and  provided  the  background 

intensity  is  not  too  high  (ATMP  radiation  may  be  substantial  when  all  of  It 
is  considered  but  it  Is  dilute  and  thus  weak  In  intertsity).  Similarly  the 
§ SOPS  and  SUAR  emissions  in  the  visible  may  be  observed  for  extended  periods 

of  time  under  the  appropriate  circumstances. 
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O - Typical  maximum 
diameters  of  rocket 
plumes  as  measured 
from  SAO  Baker-Nunn 
photographs  and  NASA 
high-altitude  cloud 
experiments  (Refs. 3, 
4,  and  5). 
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= Nozzle  Throat  Diam,  m 
= Exhaust  Gas  Coefficient  (v  = c /c 

' p V 

S3  1.25  for  rocket  exhaust  gases) 

= Atmospheric  pressure,  bars 

= Rocket  chamber  pressure,  bars 


See  Vol . IV,  Rocket  Radiation  Handbook 
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FIGURE  2-5.  CALCULATED  ROCKET  PLUHE  DIAMETERS 
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To  summer  lie  In  addition  to  the  two  vehicle  body  radiation 
processes  of  solar  reflection  and  self-emission,  there  are  six  important 
radiation-producing  mechanisms  for  rocket  exhausts  which  take  place  in  two 
distinct  stages  of  exhaust  gas  expansion  into  the  atmosphere.  Table  2-5 
summarizes  the  main  phenomenological  aspects  of  the  six  exhaust  radiation 
mechanisms  while  Figure  2-1  illustrates  the  two  steps  in  exhaust  gas  spatial 
behavior.  Order-of-magni tude  estimates  of  the  radiation  strengths  of  the 
six  mechanisms  were  listed  in  Table  2-1. 


TABLE  2-5.  SUMMARY  OF  MAJOR  RADIATION-PRODUCING  MECHANISMS  OF  ROCKET  EXHAUSTS 
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Rocket  Thr'ist  (lbs);  I^p  = Specific  Impulse  (sec);  W = Exhaust  Flow  Rate,  kg/sec; 
Total  Exhaust  Released,  kg. 
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3.  QUANTITATIVE  THEORY  OF  ROCKET  RADIATION 


3. I PRELIMINARY  DEFINITIONS 

The  physical  quantities  of  prime  interest  in  optical  sensing  of 
space  objects  are  tf)e  radiation  flux  H^(X)  in  Watts/m*  or  spectral  flux 
dH^(X) 'dX  in  Watts/(m^  *p,m)  coming  from  the  object  or  target  at  the  sensor 
location,  and  that  from  any  background  Hg(x)  which  may  be  present.  Both 
H^(X)  and  Hg(X)  are  assumed  to  have  values  in  a certain  portion  of  the 
electromagnetic  spectrum  at  wavelength  X. 

In  nearly  all  cases  of  Interest,  the  targets  may  be  considered 
point  sources  of  radiation,  or  may  be  treated  as  an  equivalent  point  source. 
The  background  radiation  is  always  an  extended  source  however.  The  radiant 
Mux  of  an  extended  source  must  be  Integrated  over  all  solid  angles  within 
the  angular  f ield-of-view  (fov)  of  the  optics  of  the  sensor.  Background 
radiations  and  other  sensor  relations  are  covered  in  Vol.  VI  of  the  Rocket 
Radiation  Handbook  and  we  shall  not  consider  them  further  here.  In  this 
volume  we  concentrate  on  analyzing  the  radiation  coming  from  man-made  space 
objects  which  may  be  considered  point  sources  or  equivalent  point  sources. 

The  optical  radiation  emitted  by  space  objects  can  be  divided  into 
two  categories:  (l)  that  emitted  due  to  scattering  of  incident  radiation 

from  a separate  Illuminating  source,  and  (2)  that  emitted  by  a space  object 
from  its  thermal  or  chemical  energy  reservoir,  (eltlier  self-provided  or 
with  the  help  of  nature  (e.g-,  ATNP))  which  we  shall  term  *'sel f-emission." 

AT 
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In  the  first  case  the  radiation  spectrum  will  be  characteristic  of  the 
illuminating  source  while  in  the  second  case  the  spectrum  is  characteristic 
of  the  rocket's  e;,haust  or  hardware. 

Sources  of  illumination  of  space  objects  can  be  point  sources  such 
as  the  sun,  the  moon,  a laser,  or  a radar.  Or  they  are  extended  sources  like 
the  reflected  solar  radiation  from  tne  earth's  surface.  We  shall  primarily 
consider  natural  point  source  Illuminators  here.  Since  the  moon  is  so  much 
weaker  than  the  sun,  usually  only  the  sun  will  be  of  interest  in  most 
appl icat i ons . 

The  self-emission  of  radiation  by  a solid  body  in  space  is  determined 
by  the  temperature  of  the  object  whose  value  Is  established  by  the  balance  of 
energy  absorption  and  emission.  For  most  space  objects  the  absorbed  energy 
comes  from  solar  heating  and  earth  radiation.  Self-emission  by  rocket  exhaust 
gases  is  also  strongly  dependent  on  the  gas  temperature,  but  in  contrast  to 
vehicle  hardware.  Its  value  is  determined  by  the  various  mechanisms  discussed 
in  Chapter  2. 

The  radiation  flux  from  a target  at  a sensor  Is  In  general 
dependent  on  wavelength,  source  strength  and  the  distance  from  the  sensor  to 
the  target.  The  various  dependencies  are  most  conveniently  separated  in  terms 
of  target  cross-sections,  reflectivities  or  emissivlties  and  Illumination  or 
self-emi  ttance  strengths.  For  Illuminated  spac-?  objects,  the  radlatic'!  intensity 
Hj(X,T|,o^)  at  a sensor  a distance  S away  may  be  expressed  by  the  relation: 


(3.0 
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where: 


as(Tl,as) 


Apparent  Isotropic  reflection  cross-section 
of  the  space  object, 


T1 


1 1 iuminator-target-observer  angle,  degrees 


O' 


s 


O' 


o 


P(X) 


= Orientation  angle  of  space  object  with  respect 
to  illuminating  source,  tl.at  is  angle  between 
the  space  object  axis  and  object-to-sun  line. 

= Orientation  angle  of  space  object  with  respect 
to  observer,  that  is  angle  between  the  space 
object  axis  and  the  object- to-observer  line. 

= Reflectivity  of  the  space  object  at  wavelength 
X for  normal  incidence 


Hj(X) 

Hs(X^ 

S 

H^(X,T1,«^) 


Illumination  strength  at  the  space  object  of 
general  illuminator  I,  Watts/m* 

Solar  illumination  strength,  Watts/m^ 

Distance  from  sensor  to  space  object,  meters 

Radiation  Intensity  at  the  sensor  location. 
Watts/m* 


By  expressing  in  terms  of  , p , Hj  , and  S , we  may 

conveniently  separate  effects  due  to  geometry,  due  to  wavelength,  and  due  to 
the  illumination  source  strength.  The  apparent  reflection  cross-section 
as(Tl,o»s)  depends  only  on  the  relative  angle  Tj  between  the  observer,  the 
space  object,  and  the  Illuminating  source,  and  on  the  orientation  angle 
of  the  space  object  with  respect  to  the  1 1 luoalnator.  The  apparent  cross- 
section  o^  as  defined  by  Eq.  (3.  l),  naaely  R*  , is  that  of  an 

equivalent  isotropic  point  sc^ttcrer.  This  definition  appears  mor 


e general 
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tlian  if  a were  defined  according  to  the  relation  = n S*  H^/pHj 

which  is  a special  result  for  diffuse  scattering,  or  a"  = which 

applies  to  specular  reflections.  Here  A"  is  an  opHcally  flat  specularly 
reflecting  surface  facing  the  Illuminator  and  6(x)  is  the  Lirac  delta 

function,  that  is  6(x=o)  = I and  6(x?<o)  =0.  A^  is  the  projected  surface 
area  of  3 diffusely  emitting  surface  of  constant  emission  intensity.  The 
difference  between  the  diffuse  and  isotropic  scattering  definition  of  c 
involves  a factor  of  4 and  is  unimportant  as  long  as  the  same  consistent 
defining  equation  is  used  to  calculate  . In  section  3.2  analytical 
cross-sections  for  body-scattered  radiation  will  be  derived  tor  both 
diffuse  and  specularly  reflecting  surfaces  of  various  vehicle  geometries. 

The  normal  reflectivity  p(X)  can  often  be  assumed  constant,  that 
is  a spectrum-averaged  value  can  be  taken  for  example  in  the  visible  region 
for  illumination  by  the  sun.  Values  of  the  reflectivity  p for  typical 
aerospace  structural  materials  are  given  in  Appendix  A.  In  textbooks  on 
optical  physics,  p is  often  shown  to  vary  with  angle  of  incidence  for  the 
case  of  specular  reflection.  Here  we  shall  incorporate  all  angular  depen- 
dences in  the  cross-section  a , and  always  take  for  p the  value  corresponding 
to  normal  incidence  (see  also  section  3.2). 

The  illumination  flux  H^  from  the  sun  has  a spectral  distribution 
discussed  in  Appendix  B.  The  total  energy  flux  from  the  sun  near  the  top  of 
the  earth  atmosphere  is  1390  Watts/m*  of  which  approximately  40  percent  or 
556  Watts/m*  is  in  the  visible  between  4000  and  7000  Angstroms. 

Pulsed  laser  fluxes  of  10  - 10  Watts/m*  are  obtainable  with 

current  lasers  at  a laser  to  tar9et  distance  of  lOO  km  (approx i ••ate I y 60 
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i\ii  U's)  . For  lasers  the  radiation  is  extremely  monochromatic  (A\/\  10 

- I 4 

to  10  1,  and  no  spectrum  averaging  is  required.  We  shall  not  consiilor 

laser  illuminators  in  any  detail  in  this  monograph^^  and  only  mention  them 
as  a basis  tor  comparison  with  solar  illumination. 


For  reflection  from  condensed  particles  in  the  rocket  exhaust, 

Eq . \ 3 . I ''  still  applies  except  that  we  must  now  sum  or  integrate  over  a I 1 
the  Cl  oss-sect  ions  of  all  the  particles  in  the  exhaust  clcni't  which 

will  have  a multitude  of  orientations  - Instead  of  integrating  over 
"s'^’‘^s^’  usually  simpler  to  consider  the  scattering  cross-section 

tTIjCx  ,X)  defined  by: 

P s 


cr„(Tl,a  .X)  - CT^.(‘n>a^)  P(X)  « , 

p s s s 


(3.2^ 


when  we  analyze  photon  scattering  from  small  particles.  That  is  we  incorporate 
the  reflection  coefficient  in  the  cross-section.  In  section  3.3,  we  shall 
investigate  photon-particle  scattering  cross-sections  in  detail. 

The  radiation  intensity  that  is  observed  due  to  self-emission  by 
objects  in  space  depends  on  the  source's  projected  area  or  cross-section 
as  viewed  by  the  observer,  on  the  surface  emissivity  e , and  on  the  source's 
blackbody  emission  Wgg  (determined  by  the  temperature  T): 


dH^(\) 

Watts 

d>. 

.emis^ ion' 

urn  ■ r. 

w*ce  s*'  - s • a eec : - 
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Here  S is  again  the  distance  between  observer  and  radieting  object  in 
meters,  and: 


e(x) 


Emissivity  of  radiating  object 


a 

e 


Equivalent  isotropic  emission  cross-section 
of  object  as  seen  by  observer,  m* 


a 


o 


= Angle  between  the  target  body  axis  and  the 
I i ne-of-s i ght  of  the  observer,  degrees 


X = Radiation  wavelength,  pm 

dW_o/dX  = Biackbody  radiant  emission,  Watts/(m^ -pm) 

DO 


Analytical  expressions  and  curves  for  dW^^/dX  of  standard 
biackbody  radiation  are  given  in  Appendix  B.  If  e(X)  can  be  assumed 
constant  as  a function  of  wavelength,  that  is  e(X)  ®,  Eq.  (3.3)  can  be 
integrated  over  X for  any  desired  wavelength  interval  say  between  X| 
and  X^  ; 


H^(X2--X,)  = 

(emiss ion) 


4tt 


Watts 


(3.4) 


Tables  allowing  the  calculation  of  Wgg(X2*-»X|)  for  any  given  temperature 
T and  any  wavelength  interval  are  given  in  Appendix  B,  while  emissivities 
G of  typical  space  vehicle  materials  are  listed  in  Appendix  A. 


We  find  that  the  niain  proble.^  in  determining  for  solid 

vehicle  bodies  in  space  is  that  of  determining  the  geometric  cross-sections 

- ('■-a  - a of  the  target,  which  wi  I I be  taken  up  in  sections  3.2.1, 

<■  . e o 
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3,2.2,  and  3.2.3.  The  other  parameters  p , e , and  Hg 
always  constants,  while  can  a' vays  be  calculated  if 
The  distance  S i s of  course  a variable  and  is  therefore 
parameter  in  the  expressions  for  . 


are  nearly 
T is  known, 
left  as  an  exp  licit 


For  self-emissions  by  the  gaseous  rocket  exhaust  molecules,  one 
could  also  use  (3.3)  in  principle  by  integrating  it  over  all  molecules. 
However  for  molecules  it  is  more  expedient  to  use  a cross-section 
defined  by: 


(3.5) 


instead  of  a (X).  In  fact,  as  we  shall  see  in  section  3.3,  we  shall  rewrite 
the  entire  product  a (a)  • e(X)  • dW__/dX  of  Eq.(3.3)  and  use  different 

6 O DD 

expressions  for  the  energy  source  term  dWgg/dX. 

Because  a division  by  the  square  of  the  observer-to-target  range 
S*  always  occurs  for  point  targets,  it  is  convenient  to  write  all  radiation 
expressions  in  terms  of  the  "radiant  Intensity"  J(X)  or  dJ/dX  instead 
of  H.j.(X)  or  dH.j.(X)/dX  (see  Ref.  2j.  The  "radiant  Intensity"  J(X)  and 
the  energy  flux  or  "irradiance"  H.j.(X)  are  simply  related  by: 


Watts 


(3.6) 


J(X)  = S*  H.(X)  , (3.7) 

' ster 
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- / J_\  dJ(X)  Watts 

dX  \ S * / dX  ^ • |j,m 


dJ(X)  ^ Watts 

dX  ' ' dX  ’ ster  • p,tn 


(3.9) 


In  all  that  follows  we  shall  develop  expressions  for  the  parameters  J(X)  or 
dJ/dX  instead  of  H(X)  and  dH/dX  although  in  any  application  the  latter 
ai  e actually  required. 

Note  that  the  total  "radiant  power"  P(x)  emitted  by  s radiation 
source  is  given  by: 


P(X)  = y*J(X)  dn  = y*S*  H^(X)  dn  , watts 
Q Cl 


(3.  10) 


Applying  this  to  Eqs.  (3.  l)  and  (3.4)  yields: 


PM  ri  ..  = P(X)  H (X) 

' “^reflection  s' 


n 


('H(n),«  (n)) 


4tt 


dn  , Watts  (3.  I 1) 


and: 


P(X|—  Xg) 
self-emiss  ton 


. f 

J 4tt 
n 


- dn  , Watts  (3. 12) 


Equations  (3. I l)  and  (3.12)  show  that  if  a and  a were  constant 

s e 

and  independent  of  direction  n (isotropic  scatterer)  or  if  they  can  be 
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approximated  by  average  values,  the  Integration  over  n yields  simply  4tt  and 
thus  a (Tl,a  ) -*  a = constant,  and  a (a  ) -*  n = constant.  It  is  for  this 
reason  that  we  defined  our  cross-sections  as  equivalent  isotropic  cross-sections 
and  normalized  with  4rr  rather  than  with  n.  Thus  for  a flat  surface  of  area  A 
which  reflects  or  emits  diffusely  according  to  the  cosine  law  (see  sections 
3.2  and  3.3),  we  have  that  (c  = or  cr  = ct  ): 


dn  = 4n  a 


TT  A 


m 


2 


(3.  13) 


and  thus; 


(3. 14) 


Before  concluding  this  section  on  preliminary  definitions,  one 
additional  I tern  must  be  conr'dered.  In  observing  the  radiation  from  rocket 
exhaust  gases,  a sensor's  f ield-of-vlew  can  either  follow  the  moving  rocket 
vehicle,  or  it  can  be  fixed  end  non-moving  while  looking  at  the  region  of 
space  where  the  exhaust  cloud  dwells.  We  shall  call  the  first  operational 
mode  the  Target  Tracking  Observation  mode  (labeled  TTO  for  short),  and  the 
second  case  the  Integrated  Cloud  Observation  (ICO)  mode.  Usually  TTO  is  used 
in  studying  earth-to-space  launching  rockets,  while  ICO  is  employed  for  the 
study  of  space  maneuvers  with  short  burnt Imes. 
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VEHICLE  BODY  RADIATIONS 


3.2.  I Vehicle  Body  Solar  Reflections  (VBSR) 


The  radiant  intensity  of  reflected  light  from  a point  source  such 
as  the  sun  which  illuminates  a body  In  space,  depends  on  the  body  geometry 
and  on  the  orientation  of  the  body  with  respect  to  the  illuminating  source 
and  the  observer.  Most  space  vehicles  can  be  considered  to  be  composed  of 
spherical,  cylindrical,  and  conical  components  of  anodized  aluminum  with 
some  or  all  surfaces  coated  with  paint.  The  radiation  reflected  from  these 
surfaces  may  therefore  be  a combination  of  both  specular  and  diffuse 
reflections,  though  usually  the  emission  approaches  that  of  a diffuse 
reflector. 


As  discussed  in  section  3.1,  the  observed  radiant  intensity  J 
due  to  vehicle-body  solar  reflections  may  be  expressed  by: 


p(x)  dHj(x) 

4tt  dX 


Watts 
ster  • Hz 


Of  the  various  parameters  in  (3. 15),  11  and  are  viewing  angles  defined 

later,  p(X)  is  a materials  parameter  to  be  obtained  from  the  tables  in 
Appendix  A,  while  dH^/dX  can  be  obtained  from  Appendix  B if  the  illuminator 
is  the  sun.  Thus  in  evaluating  (dJ/dX)yggl^  for  a given  rocket,  one  needs 
only  to  calculate  the  varying  cross-section  parameter  as  a 
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function  of  time,  since  depends  on  the  viewing  parameters  and  thus  on  the 
rocket's  time-dependent  trajectory.  The  other  parameters  p(\)  and  (dHj/dX) 
are  only  dependent  on  wavelength  and  thus  they  are  independent  of  the  rocket's 
trajectory,  unless  ultraviolet  solar  radiation  is  considered  for  which  dHj/dX 
varies  with  altitude. 


To  determine  the  variation  of  with  rocket  altitude  or 

with  time,  one  has  only  to  calculate  a^Ct)  = a^CTjCt),  a^{t))  if  visible  solar 
radiation  is  considered.  Here  T|(t)  and  ttg(t)  are  time-dependent  values  of 
the  viewing  angles  11  and  defined  below.  For  ultraviolet  radiation. 


dHj(t)/dX  must  also  be  known. 


Closed  solutions  hove  been  derived  (Ref.  29)  for  the  optical 
cross-sections  a^(Tl,ag)  of  the  diffusely  reflecting  sphere,  cylinder,  cone, 
and  truncated  cone,  where  the  point  source  illuminator  and  observer  can 
occupy  any  position  at  distances  large  compared  to  the  dimensions  of  the 
object.  For  the  hemisphere  which  is  illuminated  by  a beam  parallel  to  its 
base,  a numerical  integration  is  necessary  to  obtain  the  optical  diffuse- 
reflection  cross-section  (see  Eqs.  (3.25)  through  (3.27)  below).  The 
expressions  for  the  optical  cross-section  of  these  three  basic  shapes  can 
be  easily  programmed  for  a computer  and  can  be  used  to  determine  the  overrll 
cross-section  of  any  typical  rocket  or  space  vehicle  composed  of  spherical, 
cylindrical,  and  conical  components. 


Analytically,  the  radiant  intensity  J (Watts/ster)  of  a diffusely 
reflecting  object  is  obtained  by  multiplying  the  normal  radiant  intensity  of 
euch  surface  element  by  the  cosine  of  the  angle  between  the  normal  to  the 
surface  element  and  the  direction  of  observation,  and  then  Integrating  this 
product  over  the  portion  of  the  surface  which  is  both  irradiated  and  observed. 
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The  equivalent  Isotropic  scattering  cross-section  , as  used  In  (3.15) 
and  defined  In  section  3. I>  Is  than  equal  to  the  radiant  power  divided  by 
the  reflectivity  p and  the  Incident  Inrradlance  H: 


a 


s 


(3. 16) 


The  solutions  for  for  various  shapes  are  given  below  using  the  notation 

and  the  angles  shown  In  Figure  3-t.  The  center  of  the  x-y-z  coordinate  sys- 
tem may  be  placed  anywhere  along  the  space  object's  axis  since  It  Is  assumed 
that  both  the  Illuminating  source  and  the  observer  are  located  at  Infinity. 
We  have  (Ref.  29); 


a.  Sphere 


R*  |sln  + (n 


cos  I) 


m 


(3. 17) 


where: 

R = radius  of  sphere,  m 

= Sun-target-observer  angle 

c.  Cyl Inder 

sin  sin  |sln  + (n  - i|r)  cos  y | , m®  , (3.  18) 

where: 
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r = radius  of  cylinder,  m 

L = length  of  cylinder,  m 

a ~ angle  between  direction  of  irradiation  and  axis 
of  cyl 1 nder 

a - angle  between  direction  of  observation  and  axis 
o 

of  cyi inder 

cos  T]  - cos  a cos  a 

cos  ill  = ; ; = dihedral  angle  between 

sin  sin 

s o 

planes  of  a and  a 
so 


c . Cone 


a 

s 


+ ag)  i cos  6>  f(s) 


(3. 19) 


where: 


1 

6 

rt 

2 " Ys  = 

sin  Vg  = 

TT 

2 ^ Yo  = 

sin  Y^,  = 


radii  of  the  bases,  m 
altitude  of  the  cone,  m 
generating  angle  of  cone 

limiting  angle  of  irradiation  in  plane  of  i|i 

tan  6 
tan 

limiting  angle  of  observation  in  plane  of  \|i 

tan  6 
tan  a 

o 
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The  phese  factor  f(s)  In  (3.19)  Is  given  for  five  different  cases: 

Case  1 (Cone) 

Entire  surface  both  seen 

f(s)  -•  2n  ^2  cos  cos 

Case  II  ( Cone) 

Entire  surface  Is  seen  but  not  fully  Irradiated,  that  is  2 6 , 

0(o  ^ 6 : 

f(s)  - 2 (tt  + 2 Yj)  cos  cos  tan*  6 + 4 cos  ijt  cos  • 

cos  a sin  (V  tan  6 + 4 cos  y sin  a cos  a tan  6 + 
so  ' s s o 

+ I (tt  + 2 Y^)  - 2 sin  y^  cos  y ^ i cos  ij(  s i n s I n ( 3 .2  I ) 


and  Irradiated,  that  Is  a s 6 , o ^6: 

5 O 


01  tan*  6 + cos  ilt  sin  a sin  a > (3.20) 

o s o I 


Case  111  (Cone) 

Entire  surface  Is  irradiated  but  not  fully  seen,  that  is  ^ fi  , 
i 6 ; or  entire  surface  Is  neither  fully  seen  nor  fully  Irradiated 
but  the  portion  that  Is  seen  Is  fully  Irradiated,  that  Is  ^ 6 , 

“o  ^ ^ ' ^s  ■ ''o  ^ ' 

f(s)  = 2 (tt  + 2 Y ) cos  a cos  a tan*  6 + 4 cos  * cos  y sin  a • 

'o  s o 'os 

cos  a tan  6 + 4 cos  -y  cos  a s I n a tan  6 + 
o 'o  s o 

+ I (tt  + 2 y^)  - 2 sin  y^  cos  y^l  cos  \|t  sin  sin  (3.22) 
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Case  IV  (Cone) 

Entire  surface  Is  neither  fully  seen  nor  fully  Irradiated  and  only 
one  band  of  Irradiation  apparent,  that  Is  ^ 6 , of^  ^ 6 , 

Ys  ^ Vo  ^ : 

f(s)  = 2 |(n  - 1^)  + (Vj  + Vq)  } cos  00s  tan*  6 + 

+ 2 I cos  - Vs)  cos  ^ cos  Qfg  sin  ot^  tan  6 + 

2 I cos  + cos  (\|t  - y^)  ^sln  of^  cos  ot^  tan  6 + 

+ j^|(n  - (|/)  + (v^  + Vjj)  ■ sin  Yj,  cos  h 
+ sin  - Vq)  cos  (t  - Vq)  }<‘os  ir  + |cos“  y^  - 

- cos*  (\|f  - Yq)  I sin  ^1  sin  (Xj  sin  (3.23) 


Case  V ( Cone) 

Entire  surface  neither  fully  seen  nor  fully  Irradiated  and  two 
bands  of  Irradiation  are  apparent,  that  Is  ^ ^ f>  > 

V + V S TT  - * : 

’’s  'o 

f(s)  = 4 (Yq  Vj)  cos  ttg  cos  tan*  6+4  (cos  y^  + 

+ cos  Yj  cos  ^)  cos  sin  of^  tan  6 + 4 (cos  y^  + 

+ cos  Yq  cos  i(t)  sin  o(j  cos  tan  6 + 2 |(yj  yj  + 

- sin  Yj  cos  Yj  ” sit*  Yq  oos  Yq^cos  if  sin  sin  (3.24) 
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d . Hemisphere 

For  this  particular  geometry,  the  Illuminating  source  ( iun)  is 
constrained  to  lie  in  the  x-y  plane.  The  observer  may  be  in  any 
di  rection  wi  thin  the  I imt  ts  oS\|ts:n,-^S(|)^s:j.  The  resul  ting 
expressions  may  be  divided  into  two  cases: 


Case  I (Hemisphere) 


TT 


For  oiijrSTi,  os4>^Sj 


a R* 
s 


sin  4)q  (l  + cos  \(r)  + j cos  (|>^  cos  t | ‘ 


L 


I ^ 

'I'  0 


- f 

y tt  " 


P)  dP 


P - 2 


9 

nr 


(3.25) 


Case  II  (Hemisphere) 


For  oSi^STT,  - 


a = R* 
s 


/ 


{3  s^n  <})q  ( I + cos  1|()  I 


e ' ^ - 7 


m 


(3.26) 


where  0 is  an  integration  variable  In  a plane  parallel  to  the  x-y  plane, 
and  the  function  f('|i><^Q/P)  Js  given  by: 
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- cos  0^^  cos  p c 
• ct>s(\|i  - p)  I I - ^ s In^ 

cos^  I tan  * cot  0^  ros(\|t  ' P)  1 1 '?>o  ^ (3.27) 

If  '>ne  models  the  Atlas  rocket  for  example  by  an  equivalent 

cylinder  20  r itera  long,  3.5  meters  In  dlumeter,  for  the  first  stage  which 

is  connectro  to  the  second  stage  by  a iruncated  cone  of  length  8 meters  and 

= 1.75  meters  and  8|  = 0.75  meters  (‘it-e  Figure  3-1),  and  topped  by  a 

second  short  cylinder  with  dimensions  L = 2.4  m,  D - 1.5  m and  hemisphere 

of  0.75  netcis  radius,  one  obtains  representative  reflection  cross-sections 

as  shown  in  Figures  3-2  through  3.4.  Note  that  0^  in  these  figures  equals 

90°  - Of  or  vice  versa  a = 90°-  0 . 

s s s 

For  specular  reflection  from  an  optically  flat  surface,  the 
scattering  oross-scction  is  given  by: 


s(^|t  - b) 


s in  I tan  * | - 


cot  0 


tan 


-I 


cot  0 cos 
o 


i(t  - P)|j 


64  A*  , 

tt(  1.22  X)*  ® ® 


m‘ 


(3.28) 


where; 


aff 


«(♦„) 


8(tj)  s(n-  Oj)), 


(3.29) 


If  the  optically  flat  surface  Is  a polished  metal  (the  usual  case  for  space 
vehicles),  then: 


Diffuse  Reflection  Cross-Section 
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Where: 


metal 


metal  metal 

0.5  + 0.5  , 


(3.30) 


metal 


/,(T1  .X) 
•//  ^ 


(m+  0*  + K* 

1 

I ' ^ 

“ cos(Tl^/2)^ 

)\k^' 

0 

(m-  1)*  + K* 

fm  , - 1 

2 

+ K* 
0 

1 cos(Tl^/2)J 

(3.31) 


metal 


(m  + 0*  + K* 
^ ' o 

(m-  1)^  + K* 


(m-  cos(^^/2))^  + 
+ cos(Tlg/2) 


(3.32) 


K 

O 


(=  Extinction  Coefficient) 


(3.33) 


X = Photon  Wavelength,  m 


E 

o 


Z 


a 


m 


E + E = Macroscopic  photon  extinction 

S d 

cross-section  of  polished  metal  surface, 

- I 
m 

Eg(X)  = Macroscopic  photon  scattering 

cross-section  of  polished  metal  surface, 

- 1 
m 

E (X)  = Macroscopic  photon  absorption 
£1 

cross-section  of  polished  metal  surface, 

-I 

m 

Refractive  Index  of  polished  metal  surface 


by: 


The  function  6(x)  In  (3.29)  Is  the  Dirac  delta  function  defined 
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6(x)  I 


if  X - o 


(3.34a) 


6(x)  = 0 , if  x^o 


(3.34b) 


? 

The  geometric  parameters  ^ '^o  ' '^s  ^ illustrated  in 

Figure  3-5. 


The  angular  dependence  /|.('T)^,X)  of  the  specular  reflectivity  is 
corporated  here  in  the  cross-section  (3.28)  in  keeping  with  the  convention 
that  we  adopted  earlier  to  include  all  angular  dependencies  in  the  parameter 
. The  specular  reflectivity  p(x)  of  polished  metals  at  normal  incidence 
(T1^=  0°)  is  (Ref.  30): 


(m+  I)'-'  + kJ 


p(X) 

(T1  = o'^)  (m-l)*  + K* 


(3.35) 


Appendix  A lists  values  of  p(x)  for  various  metals. 

The  parameters  and  ^tnetal  gjyen  jjy  (3.31)  and  (3.32)  are 

’'x  7/ 

the  angular  dependencies  of  specular  reflection  by  metals  for  respectively 
the  case  of  perpendicular  (1)  polarized  light  and  parallel  (//)  polarized 
light  with  respect  to  the  piane  of  incidence  (Ref.  30).  For  light  coming 
from  a natural  source  such  as  the  sun,  approximately  50^  is  x polarized 
and  50^  is  //  polarized,  and  therefore  Eq.  (3.30)  applies.  If  the  -llumi- 
nation  source  has  polarized  photons  such  as  from  a laser,  /^.(TlgA)  to  be 
used  In  (3.28)  is  instead  of  (3.30)  equal  to: 


metal 

polar. 


metal 


metal 


/ sinu)  + / cos  (JO  , 

7/ 


(3.36) 
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where  uj  is  the  angle  between  the  direction  of  polarization  and  the  plane 
of  incidence. 

For  infrared  photons  with  wavelength  X larger  than  5 |j,m,  one 


can  use  the  relation: 

m = ^30  aX'  , 

X ^ 5 [im 

(3.37a) 

Kq  « 0 

X ^ 5 p,m 

(3.37b) 

in  Eqs.  (3.3l)  and  (3.32),  where: 

a ~ Electrical  conductivity  of  the  metal,  ohm-cm 
X = Photon  wavelength,  p,m 


Equation  (3.37)  may  be  used  even  down  to  X » 2 p.m  as  an  approximation,  but 
below  X = 2 p,m  the  assumptions  inherent  in  relation  (3.37)  become  invalid. 


If  the  optically  flat  surface  is  not  metallic  but  a dielectric 
(e.g.,  glass),  the  function  /|,(T1^,X)  given  by  Eqs.  (3.30),  (3.3l),  and 
(3.32)  must  be  changed  to: 


dielectric 


where: 


X 


sin 


( sin(Tl  /2)  ) 

|-^j 


(3.38) 


(3.39) 
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Equation  (3.38)  applies  to  unpolarfzed  light  from  natural  sources.  For  a 
source  of  polarized  light  (e.g.,  from  a laser),  we  have  instead  of  (3.38): 


dielectric 

polar. 


(3.40) 


where  u)  is  again  the  angle  between  the  direction  of  polarization  and  the 
optical  plane  of  incidence. 

In  Eq.  (3.28)  only  the  central  disk  of  reflected  light  is 
considered,  that  is  only  the  zero-order  diffraction  region.  The  higher- 
order  diffraction  rings  are  too  weak  to  be  of  practical  interest  for  the 
typical  aerospace  distances  between  observer  and  space  vehicles.  The 
specularly  reflected  light  beam  coming  from  the  space  vehicle's  flat  surface 
element  dA  to  the  observer  is  in  (3.28)  further  assumed  to  disperse  into  a 
cone  with  a diffraction-limited  apex  angle  given  by: 


1.22  X 


/f> 


radians 


eff 


(3.41) 


3.2.2  Vehicle  Body  Earthshine  Reflections  (VBER) 

If  the  illuminating  source  cannot  be  considered  as  a point,  an 
integration  must  be  carried  out  over  all  incident  illuminating  angles.  The 
main  illumination  source  that  falls  in  this  category  is  solar  radiation 
reflected  from  the  earth  and  its  atmosphere  also  called  earthshine.  In 
this  case,  an  extended  source  with  many  elements  of  sunlit  surface  area  on 
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a spherical  atmosphere  must  be  considered  which  contribute  to  the  irradiance 
of  the  target.  The  illumination  will  obviously  depend  on  the  zenith  angle 
of  the  sun  and  the  altitude  and  orientation  of  the  target. 

In  the  following  we  give  an  abbreviated  version  of  the  earthshine 
problem  from  Refs.  31  and  32.  Assume  an  element  of  source  area  dC  consisting 
of  many  point  sources,  each  contributing  to  the  irradiance  of  an  element  of 
target  surface  area  dA.  The  solar-illuminated  upper  atmosphere  surface  is 
assumed  to  be  a perfectly  diffuse  Lambert' s-law  radiator  which  has  the  prop- 
erty that  the  radiance  N of  any  particular  surface  element  dC  is  the  same 
when  viewed  from  any  direction  within  9CP  from  the  normal  to  the  surface 
element.  Therefore,  the  amount  of  radiant  flux  dP  (Watts)  emitting  from 
dC  and  directed  within  the  small  solid  angle  subtended  by  dA  at  a distance 
S is  proportional  to  the  projected  area  of  dC  as  well  as  the  solid  angle 
(see  Figure  3-6).  Thus: 


dP  = N • dC  COST) 


dA  cos  i|r 
S* 


(3.42) 


where  N (Watts/m*-ster)  is  the  radiance  of  the  surface  element  dC,  dC  cosTl 
is  the  projected  area  of  dC  and  is  the  solid  angle  subtended  by 

d 

the  projected  target  surface  element  (Figure  3-6).  A perfectly  diffuse  white 
surface  receiving  an  irradiance  will  have  a radiance  in  any  direction 
equal  to: 


TT 


(3.43) 


Considering  a solar-illuminated  spherical  Lambertian  surface,  the  irradiance 
of  an  element  of  area  dC  is  given  by  cos3^  where  is  the  irradiance 
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of  the  point  P on  the  surface  nearest. the  sun  and  Is  the  angle  between 

the  direction  of  the  sun  and  that  of  the  noririal  of  dC  relative  to  geocenter 

(Figure  3-7).  For  a surface  of  less  than  100  percent  reflectivity,  the  radi 

He 

ance  of  dC  is  decreased  to  — times  the  albedo  a at  dC  (albedo  a = ratio 

TT 

of  reflected  to  incident  illumination).  Equation  (3.42)  becomes  then: 


dP  - 


a ^ cosPp  COST] 

TT  t S* 


(3.44) 


The  irradiance  H of  a surface  is  defined  as  he  radiant  flux  incident  per 
unit  area  so  that  the  irradiance  of  the  target  area  dA  equals: 


a-i  cosp.  COST]  dC 

TT  t P 2 


(3.45) 


Calculating  the  irradiance  at  any  point  due  to  a source  of  finite  area 
requires  the  integration  of  Eq.  (3.45)  over  this  area.  The  region  concerned 
here  is  that  earth  surface  area  which  Is  both  sunlit  and  can  be  seen  from 
the  point  in  space  at  which  the  target  is  located. 


H = 


COST]  ^251  dC 
S* 


(3.46) 


In  Ref.  31,  a simple  and  efficient  numerical  technique  Is  presented 
by  which  numerical  results  for  Eq.  (3.46)  for  various  target  altitudes  and 
orientations  may  be  obtained  assuming  a flat  target  surface.  Using  the  angles 
in  the  diagram,  the  element  of  source  area  becomes; 
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dC  = Rg  s 1 d0  • d0 


(3.47) 


Equation  (3.46)  then  reads: 


H - a 


sln0  cos3g  cost]  cosi)( 


de  d0 


a F 


(3.48) 


The  F term  of  Eq.  (3.48)  was  evaluated  numerically  in  Ref.  31  using  Simpson's 
rule  with  integration  limits  of; 


Reference  31  gives  the  resulting  values  of  the  irradlance  factor  F 
for  several  zenith  angles  of  the  sun  and  target  altitudes  as  a function  of  the 
angle  between  the  vehicle  surface  normal  at  Q,  and  the  X-axis.  The  curves  indi- 
cate that  a maximum  F is  obtained  when  the  target  is  in  the  same  direction  as 
the  sun;  i.e.,  9^=  0,  and  the  normal  to  Its  surface  is  directed  along  the 
X-axis.  For  our  purposes,  F values  have  been  plotted  versus  target  altitude 
in  Figure  3-8  for  various  solar  zenith  angles  assuming  that  the  flat  target 
surface  is  perpendicular  to  the  geocentric  range  vector  at  all  times.  The 
irradiance  factor  is  seen  to  decrease  with  altitude,  for  although  more  of  the 
earth's  surface  area  can  be  seen  from  the  target  as  it  Increases  in  altitude, 
the  Intensity  of  the  radiation  is  falling  off  with  the  square  of  the  distance 
between  the  target  and  each  element  of  area  on  the  earth  surface.  The  illumi- 
nation of  the  target  also  decreases  with  Increasing  zenith  angle,  for  as  8^ 
increases,  the  target  Is  moving  away  from  the  more  highly  Irradiated  portion 
of  the  earth. 
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FIGURE  3-8.  EARTHSHINE  IRRAOIANCE  FACTOR,  F,  AND  VISIBLE 
EARTHSHINE  TARGET  IRRAOIANCE,  H,  VERSUS  TARGET 
ALTITUDE  FOR  VARIOUS  SOLAR  ZENITH  ANGLES  9^ 

(After  Ref.  3l) 
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If  the  space  vehicle  is  spherical,  dosed  solutions  for 
earthshine  illumination  by  an  extended  spherical  earth  can  be  obtained  as 
shown  in  Ref.  32. 

Returning  to  Eq.  (3.48),  H = a F,  it  is  necessary  to  assume  a 
value  of  solar  Irradiance  incident  at  the  top  of  the  earth's  atmospher? 
and  a value  ot  albedo  a,  both  of  which  depend  on  the  spectral  region  of 
interest.  For  direct  daytime  solar  reflection  which  varies  with  the  nature 
of  the  earth's  surface  and  cloud  cover,  the  radiation  peaks  in  the  visible 
region  of  the  spectrum.  In  the  wavelength  interval  4000  — 7500  A,  the  solar 
irradiance  at  the  top  of  the  atmosphere  is  = 559  Watts/m*. 

The  average  albedo  a of  the  earth  for  visible  sunlight  is  about 
39  percent  with  fluctuations  between  32  percent  in  July  and  52  percent  in 
October.  Cloud  albedo  measurements  have  an  average  value  of  0.5  but  may 
vary  between  0.8  and  0.01  according  to  cloud  conditions.  For  the  ultraviolet, 
the  albedo  a -•  o r’ui  to  molecular  absorption  in  the  upper  atmosphere. 

The  average  target  irradiance  H Is  given  by  the  value  of  F 
multiplied  by  a constant  factor  a • = 0.39  x 559  =218  Watts/m*,  which  is 

shown  in  Figure  3-8  on  the  right-hand  ordinate.  It  is  obvious  that  the  F 
numbers  can  be  used  to  obtain  results  in  any  bandwidth  if  the  proper  scaling 
factors  of  albedo  and  incident  solar  energy  are  known. 

To  calculate  exact  cross-sections  a and  radiant  Intensities 
J = p H o/2tt  of  a space  target  Illuminated  by  solar  earthshine  would  require 
rather  elaborate  integrations.  As  an  approximation  we  may  employ  the  expres- 
sions for  o given  In  section  3.2.1  for  point  Illuminators,  using  for  the  ^ 

effective  illuminator  angle  Oj  the  value: 
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= Of  + (n-9_)/2  , (3.50) 

where  0^  is  the  solar  zenith  angle  at  the  space  target  with  respect  to  a 
geocentric  line.  This  has  the  effect  of  replacing  the  extended  illuminating 
source  by  an  effective  point-source  illuminator  placed  at  the  approximate 
center  of  the  sun-illuminated  portion  of  the  earth  atmosphere  as  seen  by 
the  space  vehicle.  Denoting  cross-sections  so  obtained  by: 

^eff  * “ (“l”)  - " (“sun  * ~r^)  ’ = ” 

the  spectral  radiant  intensity  dJ/dX  becomes: 


VBER 


p(X) 


d(a  Hg  F) 
dX 


P ^ ^ ^eff  ^ Watts 

4rr  dX  ^ s te  r • Hz  ' 


( 3.52) 


where  in  the  visible  and  infrared  (but  not  in  the  UV)  usually  an  average 
value  for  p(X)  and  a(X)  can  be  assutne^t  ^nd  d R^/dX  has  the  spectral 
distribution  of  the  sun. 

The  effect  of  earthshlne  on  the  optical  intensity  (in  the  visible) 
of  a sol ar- i 1 lumi nated  space  target  is  to  increase  the  dl rect-solar-ref lectod 
intensity  by  about  10  percent  on  the  average  and  by  about  37  percent  In  the 
most  favorable  situation.  Of  course  If  the  target  Is  shaded  by  the  earth, 
but  still  subjected  to  earthshlne,  the  radiant  Intensity  Is  determined  by 
earthshlne  only. 
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3.2.3  Vehicle  Body  Self-Emissions  (VBSE) 

The  spectral  radiant  intensity  for  vehicle  body  self-emission  may 
be  expressed  by  (see  section  3.1): 


/ dJ  \ _ Watts 

VBSE  ~ dX  ^ ster  • Hz 


Here  the  emissivity  e(\)  is  a purely  materials-dependent  parameter  which 
may  be  obtained  from  the  tables  in  Appendix  A,  while  the  black-body  radiation 
function  dWgg/dX  may  be  gotten  from  Appendix  B. 

For  a surface  which  behaves  as  a diffuse  emitter,  the  cross-section 
a (of  ) (as  defined  in  section  3. l)  is  four  times  the  projected  area  of  the 
emitter  that  can  be  seen  by  the  observer.  This  is  due  to  the  fact  that  for 
a diffuse  emitter  the  emission  per  unit  solid  angle  in  a direction  at  an 

CW  DD 

angle  9 with  the  normal  to  the  surface  element  dA  equals  dA  cos9 

TT 

Watts/ster,  whereas  the  projected  area  through  which  this  flc.  passes  equals 

^Wbb 

dA  COS0  thus  making  the  radiance  N = dA  cos9/(dA  cos  0)  = eW-o/n 

^ TT  DD 

Watts/(m*'  ster)  which  is  constant.  The  total  radiant  intensity  J from  the 
emitter  is  then: 


J=_£I£J SL  , Watts/ster  (3.54) 

TT 


and  the  irradiance  at  a distance  S is: 
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%roj 
n S* 


Watts/m* 


(3.55) 


Then  the  cross-section  to  be  used  in  (3.53),  according  to  our  definition 

given  in  section  3.1  is: 


CT  = 

o 


4 A 


proj 


(3.56) 


Assuming  the  same  geometry  as  shown  in  Figure  3-1,  the 
cross-sections  for  a sphere,  cylinder,  cone,  truncated  cone,  and  hemisphere 
become: 


a.  Sphere  (Radius  R) : 


a = 4tt  R*  , m* 
e ^ 


(3.57) 


b.  Finite  Cylinder  (Radius  r.  Length  L); 


CT  = 8LrsincK  +4TTr*|  cos  1 , m^ 
e o 'o' 


(3.58) 


(side) 


(End) 


c.  Truncated  Cone  (Radii  aj,  62  ’>  Cone  Half-Angle  6;  a,  > a,) 


I ' 


= 4n  a , cos  a , m*  , for  o ^ a ^6 
e I o o 

(End) 


(3.59a) 


CT  = 4 (a*  - a* 


I '*2 


)(cosa^)(-  I 


+ sin  *8  + 
(Side) 


n 


+ 4rr  a,  cosa^  , m*  , for  6 s i j 
(End) 


(3.59b) 
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^ — jm 


N 


I 


= 4 (a*  - aj)  |cos  ( | + sin“'p  + ^7'"  3*'  ) + 

(Side) 

+ 4tt  a|  1 cos 0(^1  , m*  , for  j^CK^^(n-6)  (3.59c) 

(End) 


= 4tt  ( a*  - a* ) 1 cos  a + 4rr  a®  cos  a I , m*  , 

I * ' ^ ^ ^ ' * 


(Side) 


(End) 


for  (n  - 6 ) s CK  ^ tt 
0 


(3.59d) 


where: 


cot  or 


cot  6 


(3. 60) 


d.  Hemisphere  (Radius  R): 


a = 2tt  R*  ( I + cos  a ) 

c o 


(3. 61) 


In  ail  of  the  above  expressions  or^  ’$  the  angle  between  the  axis  of  the 
cylinder,  truncated  cone,  hemisphere,  anu  ^ target  observer  direction. 

By  approximating  space  vehicle  configurations  with  hemispherical, 
cylindrical,  and  conical  surfaces,  the  se1f>emission  cross-section  can  be 
calculated  for  any  observation  angle  . As  an  example,  in  Figure  3-9 
values  of  a are  plotted  versus  or  for  a cone-shaped  body  with  a base 

diameter  of  2 meter  and  apex  half-angle  of  11.3  degrees  which  approximates 
a typical  space  vehicle. 
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FIGURE  3-9.  SELF-EMISSION  CROSS-SECTION  OF  TYPICAL  CONE-SHAPED  SPACE  VEHICLE 
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3.3  ROCKET  EXHAUST  RADIATIONS 


3.3.1  General  Comments 


The  theory  of  exhaust  gas  radiation  which  is  presented  below 
includes  three  powerful  new  approaches  to  the  problem  which  do  not  appear  to 
have  been  considered  previously  elsewhere.  These  are: 

1.  Application  of  Gauss’  divergence  theorem  to  the 
mathematics  of  the  detailed  balancing  of  excitation 
quanta  in  intermolecular  V-V  and  V-T  energy  exchanges^ 
and  photon-inolecul  a interactions  in  the  exhaust. 

2.  Rigorous  application  of  the  basic  "Law  of 

t Spectroscopic  Stability"  to  all  molecular  spectral 
broadening  processes. 

3.  Development  of  a more  comprehensive  theory  of  photon 
kinetics  ("photonics")  by  transplanting  the  results 
of  "neutronics"  theory  for  neutrons  in  nuclear 
reactors  to  that  of  photons  drifting  through  gaseous 
bodies . 


The  result  of  applying  (l)  Is  the  discovery  that  for  engine  exhaust 
plumes,  the  number  of  excited-energy  states  flowing  out  of  the  engine  has  to 
equal  the  number  of  photons  emitted  through  the  boundaries  of  the  exhaust 
plume.  If  used  properly,  this  result  allows  a considerable  simplification 
in  the  analytical  calculation  of  exhaust  gas  radiation  over  other  methods 
which  have  been  developed.  The  technique  will  be  discussed  in  detail  in  the 
next  subsection  3.3.2. 

V-V  molecular  collision  Is  one  in  which  Internal  excitation  energy  (V)  is 
exchanged,  while  In  a V-T  collision,  excitation  energy  (V)  Is  transferred  to 
translational  kinetic  energy  (T). 
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The  application  of  (2)  leads  to  simplified  expressions  for  spectral 
broadening  and  band  contour  functions  for  use  in  the  theory  of  exhaust  gas 
spectral  radiation.  Detailed  derivations  and  discussions  are  given  in 
Volume  II  of  the  Rocket  Radiation  Handbook. 

Application  of  method  (3),  that  of  treating  the  migration  of 
photons  in  gas  clouds  by  a well-established  analogous  theory  for  neutrons  in 
nuclear  reactors,  yields  a much  Improved  understanding  of  the  spatial  distri- 
bution of  photons  in  gas  clouds  for  both  optically  dense  as  well  as  optically 
thin  gases  and  all  intermediate  cases.  Basic  principles  of  "photonics"  are 
discussed  in  Volume  III  of  the  Rocket  Radiation  Handbook. 

Knowing  and  understanding  what  the  magnitude  and  spectrum  is  of  the 
radiation  emitted  by  hot  exhaust  gases  from  rocket  engines  is  obviously  also 
useful  in  fields  that  study  exhausts  from  aircraft,  automobiles,  and  other 
types  of  combustion  engines.  To  date,  most  interest  in  exhaust  radiation 
analysis  has  come  from  military  applications.  Recently  however  the  air  pol- 
lution monitoring  field  is  developing  requirements  for  a better  understanding 
- of  engine  exhaust  radiations  as  well,  and  the  material  presented  below,  though 
applied  to  rocket  exhausts,  can  be  adapted  with  little  modification  to  such 
fields  as: 

a.  Air  Pollution  Monitoring 

b.  Antl-Alr-Pol lution  Fuel  Design 

c.  Aircraft  Engine  Performance  Monitoring  and  Measurements 

d.  Weather  and  Meteorological  Effects 

e.  Anti-Aircraft  Heat-Seeking  Missile  Sensors 
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# 

I f.  Aircraft  Ant! -Ml ss i le-Countermeasures 

I.  Radiation  Suppression  Techniques 
! 2.  Radiation  Decoying  Techniques 

I 

t g.  Aircraft  Intelligence-Gathering  Sensors 

^.3.2  Plume  Radiation  in  a Vacuum  (Deep-Space  Plume  Radiation;  DSPR) 

As  will  become  apparent  later,  the  analytically  most  simple  case 
of  rocket  exhaust  radiation  is  the  one  in  which  the  rocket  exhaust'*^  does  not 
interact  witli  the  atmosphere.  For  this  reason,  we  shall  treat  this  case  first 

I 

although  a rocket  usually  experiences  this  situation  last  in  a space  mission. 


In  Figure  3-10,  the  geometry  is  illustrated  for  a rocket  exhaust 
dis  arging  into  the  vacuum  of  deep  space.  Near  the  nozzle  exit  plane  and 
in  the  core  region  ot  the  plume,  the  gas  is  optically  dense  (the  photon  mean 
free  path  is  less  than  the  plume  dimensions),  but  in  the  outer  regions  where 
the  gas  molecules  escape  into  the  vacuum  wi thout  further  i ntermolecular  col- 
lisions, the  gas  becomes  obviously  optically  transparent.  Since  gas  molecules 


in  photcn-active  excited  states  take  a finite  time  to  deexci te  to  the  ground 

state,  a region  of  space  behind  the  nozzle  can  be  defined  enclosed  by  the 

surface  C (see  Figure  3-10)  within  which  essentially  all  exhaust  molecules 
e 

have  experienced  deexcitation  and  beyond  which  all  molecules  may  be  considered 
"cold"  or  "dead,"  that  is  radiationless.  The  characteristic  linear  dimension 
of  the  radiation  emitting  region  or  plume  bounded  by  C would  be: 

^though  the  exhaust  from  a rocket  Is  usually  gaseous,  solid  particles  may 
ii,  j.resen  sometimes.  Therefore  the  terms  "exhaust  gases"  and  "rocket  gases" 
are  avoided,  and  "exhaust"  is  assumed  to  include  both  gases  and  entrained 
particles . 
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L + 5 c 


[? 


I- I 


m 


(3.62) 


where: 


L = Linear  dimension  of  the  plume  core,  m 
0 

= Average  molecular  velocity  of  molecules  escaping  from 
core  region,  m/sec 

T.  - Excitation  lifetime  (t.  = Aj  * :=  Einstein  coefficient) 
of  molecule  for  state  1,  sec 


Equation  (3.62)  gives  the  mean  distance  at  which  molecules  have  decayed  about 
5 e-folds  after  reaching  the  col  1 Is lonless  region  of  the  plume,  that  is  only 
a fraction  exp-(S)  0.0067  would  still  be  excited  beyond  C . 

Consider  now  the  number  of  excited  species  X.  in  a unit  volume  du 
of  gas  anywhere  within  the  region  bounded  by  C . For  this  unit  volume  du 
we  can  write  the  excited-state  conservation  (or  balancing)  equation: 


3n(X.) 

at" 


2>L(X,) 


aG(x,)  ao(x,)  5R(x,)  as(x.)  ap(Xj) 

' + ■—  ' ' - ■'.*  — ■ - + - ' 

5u  ou  Su  5u 

ac(Xj)  3B(Xj)  SF(Xj)  molecules  Xj^ 
3u  5u  5u  * ni®  • sec 


(3.63) 


in  which: 

n(Xj)  = nj  = Density  of  excited  molecules  Xj  , molecules/m®. 
X|  a Molecule  X in  excited  state  I. 
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Net  Influx  (or  outflux)  of  excited  molecules  Xj 
into  (or  out  of)  unit  volume  per  unit  time  due  to 
transport. 


dO(X  ) 

Rate  of  destruction  (decay)  of  excited  molecules 
per  unit  volume  due  to  emission  of  radiation 
(radiative  decay). 

3R(X  ) 

■ = Rate  of  production  of  excited  species  X.  due  to 

resonant  energy  transfer  in  col  1 is ions-of-the- 
second-klnd  (V-V  transfers)  between  molecules  X 
and  excited  molecules  Y. 


as(x.) 

— ' = Rate  of  destruction  of  excited  molecules  due  to 

resonant  energy  transfer  in  col  1 is ions-of-the- 
second-kind  (V-V  transfers)  between  excited 
molecules  X^  and  other  species  Y. 

3P(X.) 

— ^ — = Rate  of  production  of  excited  molecules  X.  in 

unit  volume  due  to  K1 net i c col  1 i s ion  with  other 
molecules  (T-V  collisions). 

3L(X,) 

— — = Rate  of  destruction  of  excited  molecules  Xj  in 
unit  volume  due  to  Kinetic  collisions  with  other 
molecules  (V-T  collisions). 


ac(x,) 

— = Rate  of  production  of  excited  molecules  Xj  in 
unit  volume  due  to  resonant  capture  of  photons 
by  molecules  In  lower-lying  energy  states. 

SB(X  ) 

* — = Rate  of  destruction  of  excited  molecuh  i Xj  due 
to  stimulated  emission  by  resonant  photons. 


5F(X,) 

&u 


Rate  of  production  of  excited  molecules  X|  due  to 
decay  of  higher  energy  levels  m that  transition  to  I. 
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The  nine  terms  on  the  right-hand  side  of  Eq.  (3.63)  can  be 
expressed  in  terms  of  gas  transport  variables  and  microscopic  parameters 
as  follows.  The  migration  term  Is  given  by:'*^ 


3u 


= V • nj  Vj  + 7 . 2)^  7 , 


molecules 
m® . sec 


(3.64) 


in  which: 


= \/|(T)  = Bulk  dynamic  velocity  of  molecules  Xj  at  T,  m/sec 

7 = Position  coordinate  (fixed  with  respect  to  the  observer) 

In  plume  region 


2> 


^ = Diffusion  coefficient  of  molecules  X,  m*/sec 


The  molecular  diffusion  coefficient  2>y  may  according  to  the  kinetic  theory 
of  gases  (Refs.  33  and  34),  be  expressed  In  terms  of  other  gas  parameters  by 
the  relation: 


2). 


0.4234  k 


*^tot  "^c, 


It  kT\'^2 

91.19  kj  ! ^ ^1/2 

II 

n a * 

tot  c,  4 

m 

sec 


(3.65) 


where: 


T = Kinetic  temperature,  K 
2 My 

” - Effective  mass  of  molecules  X,  a.m.u. 


M, 


Mj( 


Y (atomic  mass  units) 


n^^^  = Total  molecular  density,  m“3 


*We  shall  use  subscripts  I instead  of  (X|)  to  denote  dependence  on  the 
excited  state  I of  species  X In  all  of  the  following. 
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I 


Average  elastic  collision  cross-section  for 
collisions  of  molecules  X with  other  molecules 
Y ( i nc 1 ud i ng  Y - X)  , m* . 


Collision  factor;  = 1.000  for  hard-sphere  molecules, 
1.2652  for  " i nverse- f 1 f th-power-repu  1 s 1 on" 
molecules  (Ref.  34)*. 


Using  the  gas  law  p - n RT,  Eq.  (3.65)  can  be  written  in  the  more  convenient 
form: 


r k,  T^/2  1 

2)^  - 2.358  X I0‘^ 

d 

, m*/sec 

a 1/2 

LPtot°c^\  J 

(3.66) 


» where  now: 
t 


tot 


= Total  gas  pressure  In  bars. 

- Collision  cross-section  in  A*  = |0"*^  cm^  - 


I0"^°  m* 


.and  the  other  parameters  are  as  before. 


The  first  term  on  the  right-hand  side  of  Eq.  (3.64)  is  the  bulk  convective 
migration  term  while  the  second  is  the  local  kinetic  diffusion  term. 

The  radiative  decay  term  in  Eq.  (3.63)  is; 


3D 

3u 


/ 


dX 


_ ..  molecules 

n . dA.  , , 

' m^  • sec 


(3.67) 


♦Reference  34  gives  the  Maxwel 1-Chapman-Enskog  numerical  factors  c^  = 

= 1.200  X 0.499  = 0.5986  for  hard-sphere  molecules  In  the  expression 

2)  = CjDjtg  and  Cj  = 1.543  X 0.491  = 0.7576  for  "Inverse-fifth-power"  molecules. 

We  normalize  to  the  hard-sphere  molecular  model  and  define  here  n 

kj  ~ 11*  ' 

" ° " hard-sphere 
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in  which: 


d\ 


Spontaneous  emission  (or  "decay")  rate  constant 
(Einstein  "A"  coefficient)  for  excited  state  i of 
species  X in  the  wavelength  range  d\  , sec  p.m" 


Explicit  expressions  for  dAj/dX  are  given  in  Volume  II  of  the  Handbook. 


The  resonant-transfer  excitation^  term  in  Eq.  (3.63)  can  be 
expressed  by: 


SR. 

|[ 

5u 


molecules 
m’  • sec  * 


(3.68) 


while  the  resonant-transfer  deexciting*  term  in  (3.63)  is  given  by: 


''vx  (*vi),  "1 

k Y k 


molecules 
m’  • sec 


In  the  above: 


(3.69) 


Density  of  excited  species  j of  molecules  Y, 
molecules/m’ 


Density  of  excited  species  i of  nx>lecules  X, 
molecules/m’ 


Density  of  unexcited  (ground-state)  molecules  Y 
and  X respectively,  molecules/m^ 


(Ojx)  = Average  resonant  energy  transfer  (V-V)  cross-section 
* for  Intaractions  between  excited  molecules  Yj  and 

ground-state  molecules  X,  resulting  in  excited 
molecules  X|  , m‘ 


*These  interactions  are  also  called  "V-V”  exchange  collisions  (V  = Molecular 
Potential  Energy). 
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la^.j  - Average  resonant  energy  transfer  cross-section  for 
^ interactions  between  ground-state  molecules  Y and 

excited  molecules  Xj  , resulting  in  deexcitation  of 
molecules  X.  and  excitation  of  Y to  Y,  . m^ 

I k ’ 


YX 


Average  molecular  velocity  of  molecules  Y with 
respect  to  molecules  X,  m/sec.  According  to  the 
kinetic  theory  of  gases  (Ref.  34): 


'YX 


4 kT 


= 102.897  , m/sec 


TT  M, 


YX 


(3.70) 


. Vx 
Vx  ■ My 


= Reduced  Mass,  amu 


(3.71) 


My,  M^  = Molecular  mass  of  species  Y and  X respectively,  amu 
(atomic  mass  units) 


= Gas  temperature,  K 


If  excitations  of  i from  other  excited  levels  q in  trolecule  X have 

a good  probability  of  occurring,  then  (CT.y^  should  be  replaced  by  (CT.y)  + 
r 'j  ' 


1 

sum  over  q extends  over  all  excited 

- 1 


( 


states  in  the  molecule  X (except  the  ground  state)  and  w Z exp-  (c  )/(kl) 

q q ( q 1 

is  the  population  of  excited  states  q (Z^  Is  the  normalization  constant  for 
excitations  q,  w^  is  the  weight  of  state  q,  and  is  its  energy  level), 
b-ntlarly  if  V-V  transitions  from  other  excited  states  s in  molecule  Y are 


where  the  sum  over  s is  over  all  excited  states  In  molecule  Y except  the 
ground  state..  Usually  however  the  first  terms  are  sufficient. 


important  (^yj ) must  be  replaced  by  (5y| ) 


t 
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The  thermal  production  rate  In  Eq.  (3.63)  is: 


ap 


au 


E/ = \ molecules 

"y  ''yx  (^yx).  "x  " _3  ---  ^ 


m • sec 


(3.72) 


in  which: 


(^Yx)  ~ Average  microscopic  cross-section  for  inelastic 

' ^ I ^ 

kinetic  excitation  collisions  between  species  Y 
and  X in  which  X is  excited  to  state  i,  m* 


'YX 


Given  by  Eq.  (3.70) 


'X'"Y 


= Molecular  densities  of  X and  Y , m 


Similarly  the  thermal  destruction  rate  in  Eq.  (3.63)  is  given  by: 


ai 

au 


'^yx  (\x),  "i 

Y ' 


molecules 


m 


sec 


(3.73) 


where  the  parameters  are  as  defined  before. 

The  difference  between  destruction  rates  (3.69)  and  (3.73)  is  that 

the  cross-section  In  (3.69)  is  restricted  to  interactions  in  which  the 

k 

molecule  Y,  after  hitting  excited  molecule  Xj  , is  excited  to  excited  state  Y|^. 
The  cross-section  of  (3.73)  on  the  other  hand  accounts  for  inelastic 

interactions  between  molecules  Y and  excited  molecules  X^  in  which  potential 
energy  of  Xj  Is  converted  to  kinetic  energy  between  outgoing  molecules  Y and 
X,  that  is  by  the  "reaction": 


^These  interactions  are  also  called  V-T  exchange  collisions  (V  = Potential 
Energy;  T = Kinetic  Energy). 
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(^YX  ) . 

Y + X.(P.E.)' ^Y(K.E.)  + X(K.E.)  (3.74 


The  photon-absorpti ve  excitation  and  photon-stimulated  deexcitation 
terms  in  (3.63)  may  be  expressed  by: 


and; 


where: 


9u 


M 

3u 


c CT^.(\)  nj^  d\ 


c CT.  (\)  n.  d\ 
ly  I 


molecules  X. 

I 

m’  • sec 


molecules  X. 


m^  • sec 


(3.75a) 


dn 

= Photon  density  per  unit  wavelength  range  d\  , 
qK 

photons/(m’.  |i.m) 

c = Velocity  of  light  = 3X  10®  m/sec 


Absorption  cross-section  of  photons  of  wavelength  X 
by  molecules  X resulting  In  their  excitation  to 
state  i , m* 


a 


Stimulated  deexcitation  cross-section  by  photons  of 
wavelength  X for  excited  molecules  Xj  resulting  in 
their  deexcitation,  m* 


» 


The  cascade  production  term  SF(Xj)/3u  In  (3.63)  finally  is  given 
by:  . ^ 


3F(X,) 


3E,, 


molecules  X. 
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where  is  the  net  radiative  decay  of  higher-lying  states  k that 

transition  to  i. 

Now  the  theory  of  statistical  mechanics  shows  that  in  a gas  at 
equilibrium  with  the  walls  of  an  enclosure  which  is  at  uniform  temperature 
T,  one  must  have  for  each  excited  level  i: 


ap(x.)  ac(x.)  aF(x.) 

' ' + + 

3u  5u  3u 


&L(X  ) ao(x  ) 5B(X  ) 

+ — ; — ! — + L_ 

3>  5 3u  5u 


(3.77a) 


t 


t 


Here  we  have  neglected  V-V  resonance  transfers  for  simplicity. 

The  collisional  population  and  depopulation  terms  3P(X.)/3u  and 
3L(X.)/3u  in  ( 3.77a)  are  many  orders  of  magnitudi  larger  than  the  molecule- 
radiation  field  interaction  terms  3C(X.)/3u  > 3F(Xj)/au  , 5D(Xj)/3u  , and 
9B(X,)/3u  , for  gases  at  ordinary  temperatures  and  pressures.  This  can  be 
verified  by  substitution  of  typical  measured  cross-sections  and  otiier 
microscopic  parameters  in  expressions  (3.67)  through  (3.76);  the  situation 
actually  stems  from  the  more  generally  recognized  condition  of  "weak  coupling" 
between  radiation  fields  and  matter.  Because  of  weak  coupling,  one  can  write 
therefore  that: 


3P(Xj)  3L(Xj) 

3u  3u 


(3.77b) 


which  states  that  in  a region  of  uniform  temperature  T,  the  collisional 
excitation  rate  of  excited  level  1 must  equal  the  collisional  deexcitation 
of  level  1. 

If  a gas  is  flowing  and  not  enclsoed  by  a wall  ^t  uniform  temperature, 
so  that  radiation  can  escape  from  It^  the  four  radiation-field  dependent 


S 
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terms  (C,  F,  and  B)  In  (3.77a)  will  no  longer  balance  each  other.  In 
regard  to  the  terms  P and  L however.  If  the  unit  volume  5u  is  taken  small 
enough  so  that  the  temperature  T in  it  may  be  considered  constant,  P and  L 
will  still  balance.  There  is  no  physical  reason  to  expect  Eq.  (3.77b)  to 
change  since  there  is  no  change  in  the  molecular  collision  rates  if  the  gas 
is  at  temperature  T whether  a radiation  field  is  present  or  not.  The  con- 
dition (3.77b)  applied  to  local  regions  In  a non-stationary  gas  is  often 
referred  to  as  the  LTE  (=  Local  Thermodynamic  Equilibrium)  condition  and 
we  shall  assume  it  in  what  follows. 

In  case  of  a steadily-emitting  exhaust  plume,  one  has  that 
dn./3t  - 0,  and  fo/  small  volume  elements  in  the  radiation  core  of  the  plume 
one  may  assume  Eq.  (3.77b)  to  apply.  Thus  according  to  (3.63)  and  (3.77b) 
one  has  in  the  radiating  core  of  a steady-state  plume  that: 


3G, 

3C, 

+ 4 + 

3F 

3Di 

1 

3u 

Bu 

au 

3u 

3u 

(3.78) 


Now  because  one  must  have  conservation  of  photons,  the  total 
radiative  decay  rate  D.  of  molecules  Xj  in  the  entire  radiating  core  minus 
the  net  photon  capture  rate  C|  must  equal  the  total  photon  emission  rate  E. 
from  level  i,  that  is: 

E,  = 0,  - C(  , (3.79) 

I II'  sec 

Here: 


Potential 

Cone 


Potential 

Cone 


nj^  dX  , 


(3.80) 
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In  which: 


P 


i 


(3.8  1) 


Wy  - Degeneracy  of  excited  state  i of  molecule  X 
^i 

= I = Degeneracy  of  ground-state  of  molecule  X 


Here  we  used  the  well-known  fact  that  the  ratio  of  the  photon  absorption  and 
stimulated  emission  cross-sections  for  transitions  from  a lower  level  n to  a 
highei'  level  m equals  w^/w^  (see  Volume  II,  Rocket  Radiation  Handbook). 

Usually  pj  « I,  In  which  case  (3.80)  reduces  to: 


Radiat I ng 
Core 


o^.(\)  nj(  d\ 


(3.82) 


Returning  to  Eqs.  (3.78)  and  (3.79),  we  can  write: 


Radiating 

Core 


Core 


photons 

sec 


(3.83) 


From  Eq.  (3.64)  and  the  application  of  Gauss'  divergence  theorem,  we  can 
write: 
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i^)  - 

Radiating  Core 

Core 

. /d?  . (,.8«) 

Surface 
Boundary  Cg 
of  Radiating 
Core 


Here; 

ds  = Unit  surface  area  vector  with  a direction  normal  to  the 
sui  race  boundary  of  the  enclosed  volume  over  which  the 

I 

integration  is  to  be  carried  out. 


I 


> 


» 


In  nearly  al 1 exhaust 
term  oj.  V n.  is  small  compared 
Furthermore  since  the  inflow  of 
radiating  core  takes  place  only 
at  velocity  it  Is  clear  that 


plume  situations,  the  molecular  diffusion 
to  the  convective  term  n.  V.  in  Eq.  ( 3.84). 
excited  species  Xj  into  the  base  of  the 
through  the  nozzle  exit  plane  of  diameter 
Eq.  (3.84)  can  be  rewritten  as: 


d7  • n.  \7, 

I I 


Base  of 
Radi  at i ng 
Core 


("1) 

'Base  of 
Radi ati ng 
Core 


molecules  X./sec  (3.85) 


Now  the  number  of  excited  molecules  Xj 


that  cross  thejiozzle  exit 


plane  per  unit  time  may  be  expressed  in  terms  of  the  exhaust  mass  flow  rate 


and  the  8oItzman  factor.  We  have  that: 


W 


z 

e 


kgms 

sec 


(3.86) 
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N 


W/M  = n V , molecules/sec 

e e e 4 e ’ 


(3.87) 


vx 


(3.88) 


Base 

of 

Core 


I 


excited  molecules 


m^ 


(3.89) 


Here; 


yx 


Mole  fraction  of  species  X in  exhaust 

Mass  flow  rate  from  exhaust-producing  engine^ 


kgms 

sec 


= Density  of  exhaust  gas  in  nozzle  exit  plane  of 
.wit.r  D , JiajS: 

= Average  molecular  weight  of  exhaust  gases  in  nozzle 
exit  plane^  kgms 


n = Molecular  density  of  exhaust  in  nozzle  exit  plane^  m 


-3 


'i^^i 


i;;  .i’Llst  . weight  and  energy^^^of  level  I 


Z 

V 


Z 


V 


Partition  or  "sum-of-states"  function  (Normalization 
Constant)  for  Internal  molecular  excitations 


Vibrational  partition  function  = 


exp- 


(3.90) 


The  partition  function  (3.90)  applies  to  molecular  vibrational  states  only. 
This  is  usually  the  cj?se  of  interest.  For  rotational  and  electronic  excited 
states  other  expressions  must  be  used  (see  Volume  11^  Rocket  Radiation 
Handbook) . 
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Using  thn  relations  (3.86)  through  (3.89)  in  Eqs.  (3.85)  finally 

yields: 


(3.91 


where  for  convenience  we  abbreviate: 


moles 

kgm 


(3.9 


Here  is  Avogadro’s  number  and  the  partition  function  in  (3.9 1)  must  be 
evaluated  at  ^ ; that  is  Zy  = Zy(T^) . 

Since  by  definition,  molecules  which  have  passed  beyond  the  surface 
(Figure  3-10)  are  "dead,"  we  have  that  = 0,  and  thus  returning  to 

Eq.  (3.83),  we  can  write  with  the  aid  of  (3.91)  and  (3,76): 
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Equation  (3.93)  is  a very  important  result  and  fundamental  to  ail  plume 
radiation  calculations.  It  is  an  expression  which  simply  asserts 
conservation  of  excited  quanta.  Though  the  result  (3.93)  was  proven  by  a 
step-by-step  mathematical  analysis  via  Eqs.  (3.63)  through  (3.93),  it  could 
also  have  been  predicted  directly  If  one  applies  the  fundamental  conservation 
law  of  physics  to  the  quanta  of  excitation  and  radiation. 

In  Eq.  (3.93)  R.  is  the  net  production  rate  of  excited  states  i by 
V-V  resonant  transfer  collisions  and  Sj  is  the  net  loss  of  excited  species  i 
by  such  V-V  collisions.  In  many  applications  one  has  that  R.=  S.=  0,  but 
for  the  case  that  special  radiation-spectrum-shifting  molecules*  are  present 
which  cause  a negative  value  of  Rj-S.  (thus  a positive  value  for  AS.=Sj-Rj), 
one  may  evaluate  these  terms  further  as  follows.  A mean  V-V-transfer  decay 
time  for  excited  states  I may  be  defined  by: 


qi 


[ I 22  "'I  ''VX  (®Yi  ),<  "1  ■ 2 "j  ''yX  (®JX  ),  "x  j ' 

k Y j 


sec 


(3.94) 


where  the  integration  over  du  is  over  the  volume  of  the  radiating  plume. 

Then  if  Tj  is  the  radiative  decay  time,  the  fraction  of  molecules  that 
experience  V-V  transfers  will  be: 

(3.95) 


♦The  overall  effect  from  the  presence  of  different  V-V  excitation-robbing 
molecules  Is  that  the  excitation  energy  Is  redistributed  over  other  quanta 
of  excitation  which  ultimately  are  emitted  as  radiation  in  another  (longer 
wavelength)  part  of  the  spectrum.  We  shall  interchangeably  call  such 
molecules  "suppressants"  or  "spectrum-shifters,"  since  they  do  suppress 
the  radiation  In  one  part  of  the  spectrum  but  also  shift  this  radiation  to 
another  wavelength  region. 
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E.  . ^E,.  = 6.025  X 10”  g^W 


photons  emitted  from  state  i 
ki  * second 


Similarly  we  have  for  level  k: 


M 


E„  - 6.025  X 10”  g,W  M ° ■ 


-I  , -i  I 
*^k  V 


photons  emitted  from  >3tate  k 
second 


and  so  on 'for  all  levels  i,  m,  p,  ....  of  Interest.  The  levels  j In  (3.97a) 
and  i In  (3.97b)  must  of  course  be  levels  that  are  lower  In  energy  than 
respectively  levels  1 and  k,  and  also  they  must  be  such  that  radiative 
transitions  1 -*  J and  k -•  1 are  allowed.  As  mentioned,  In  many  applications 


Tqi  = “ and  In  which  case  the  terms  + t~|)  and 

^k*/^’’^k*  ^ ^qk^  (3.97a)  and  (3.97b)  equal  unity. 
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Writing  for  convenience: 


G;  = 6.025  X 10 


23 


W|  e«p-}e| 


/(k^l 


R 


qi 


Eqs.  (3.97a)  and  (3.97b)  can  be  written  in  the  form: 


(3.97c) 


(3.97d) 


In  what  follows,  we  shoil  first  examine  the  sum  (3.97d)  for 
vibrational  transitions.  Neglecting  Av  = 2 transitions  (which  are  much  weaker 
than  Av  - I transitions  — see  Vol.  II)  and  anharmonic  effects,  the  sum  in 
(3.97d)  reduces  for  diatomic  molecules  to: 


g!  + G/  + G'  + G'  + 
1 k m n 


= 21^  Gj  w 6.025  X 10”  gj^W 
n=  1 


T. 


qi 


+ T 


I. 


(3.97e) 


since  fo'*  diatomic  molecules: 


w,  » w^  = I 
I n 
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€,  ~ hVj  ^ I hv^  (anhariTiontc  terms  neglected) 

S)  - Fundamental  vibrational  frequency 
o 

/ . j I for  Av  = I trans  1 1 Ions  (see  tq  . (3.101)) 


I 

I - exp-(hv  /kT  ) 

O G 


;ind  the  sum  in  (3.97e)  can  be  shown  to  equal: 


CO 


n=  I 


(3.97f) 


where  u = exp{(hv  )/(kT  )} . The  factor  [tT * + t"!)}  in  the  summation 

0 6 ^ T * 

(3.97e)  is  constant  to  first  order  (i.e.,  anharmon 1 c i ty  is  neglected),  since 

in  this  case  all  t j = Tj  = = . . • • and  = 

Carrying  out  the  summation  using  (3.97f),  one  obtains  then  that: 


photons  emitted  from  level  1 
second 


(3.97g) 
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The  same  result  (3.97g)  is  obtained  for  polyatomic  molecules  if 

again  all  second-order  (weaker)'  Av  4 I and  combination-band  transitions  are 

ot 

neglected  in  comparison  with  = I transitions  for  all  the  normal  vibra- 
tions ot  (with  fundamental  frequency  v )>  and  If  degenerate  vibrations  are 
treated  mathemat i cal ly’ as  Independent  normal  vibrations  which  happen  to  have 
the  same  frequency  (see  Vol.  II,  Rocket  Radiation  Handbook). 

For  pure  rotational  transitions,  Eqs.  (3.97c)  or  (3.97d)  becomes: 


- 1 ” 

(E.  ) - 6.025  X 10”  gj^W  ^ 


(1  = J) 


I ) 

(2J',  I)  exp-  j J'(J'+I)  -pJ- 


Tj 

6.025  X 10^’  g^W  j-= p 

^ '^qJ 


^Vrot“/  }exp-(m*-;^)jd(m*) 


(E.)  ^ = 6.025  X 10”  g^W  j^exp-j  J(J+|)-|^ 

(1  = J) 


-I  -I 

T I + , I 

J P J 


photons  from  level  i=J 
second 


(3.97h) 


where  Tj  is  the  mean  radiative  life  of  rotational  level  J and  (see  Rocket 
Radiation  Handbook,  Vol.  Il): 


It  \ ^ + 1 + J_  M.  + 


(3.971) 
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The  result  (3.97h)  is  the  same  as  (3.97g)  if  we  set  e.  = ihv^  and 
e.  J(J+l)  hvg  respectively  for  the  vibrational  and  rotational  case.  For 
electronic,  transitions,  value  of  the  sum  of  Boltzmann 

factors  of  higher-lying  states  (k> i)  is  small  compared  to  the  Boltzmann 
factor  for  the  state  i of  interest.  Thus  again  an  equation  like  (3.97h)  and 
(3.97g)  results  and  we  shall  assume  without  further  proof  that  in  general: 


where  c.  is  the  energy  level  of  an  excited  rotational,  vibrational,  or 
electronic  state.  Note  that  the  statistical  weight  w.  of  level  i and  the 
partition  function  are  not  factors  in  (3.97j). 

Now  the  photons  emitted  from  state  I wi 1 1 in  general  have  energies 
e . = €.,=  hv..  whe>‘e  j is  a lower-lying  energy  state  to  which  the  molecule 
X.  relaxes.  If  the  transition  Is  "ground-state-connected,"  we  have  of 
course  that: 

e , = hv  , = hv, , = e. , = e,  = hv.  > (3.98 

Y'  Y'  ' j 'J  * ' 


since  in  this  case  j = 0 and  = 0 is  usually  ass 


umed. 


The  photons  are  not  all  emitted  with  "sharp"  energies  e . = e,,  , 

Y'  IJ 


but  are  "broadened"  over  a range  of  frequencies  in  the  immediate  vicinity  uf 
h 'e...  The  various  frequency  broadening  processes  are  discussed  In  detail 
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I 


in  Volume  II  of  the  Rocket  Radiation  Handbook.  It  is  ahown  there  that  the 


number  of  photons  N^.  emitted  In  frequency  range  dv  given  by: 


d*N  , 

yi  - 

\ b(v,v. .,Avjj) 

dt  dv 

\ dt 

/ Av. , 

b(v,v, j,Av. .) 
E U. LJ- 

' j Av. . 

•J 


(3.99)* 


where  b(v,v. .«Av. .)  is  the  so-called  line-  or  band-shape  function,  and  Av.. 

ij  ij  U 

is  the  line-  or  band-spread  for  the  transitions  i -»  j,  while  (dN^./dt)  = 

= E.j  for  an  exhaust  plume.  Explicit  expressions  for  the  functions 
b(v,v I j,Av. j)  and  Av.j,  which  depend  on  gas  temperature  (and  gas  pressure 
in  the  case  of  single  lines),  are  given  In  Volume  II  for  the  three  cases  of 
(a)  electronic,  (b)  vibrational,  and  (c)  rotational  transitions. 


With  the  aid  of  (3.99)  and  (3.97j),  the  total  photonic  energy 
emitted  per  unit  time  and  per  unit  frequency  range  at  the  general  photon 
frequency  v may  be  written; 


(3. 100) 


*The  temperature -dependent  (and  sometimes  pressure-dependent)  parameter  AVj  j 
must  be  evaluated  at  a mean  temperature  (and  mean  pressure)  in  the  core  of 
the  plume,  since  the  actual  temperature-  or  pressure-perturbed  transition  1 -•  J 
resulting  in  a photon,  takes  place  at  various  positions  In  the  plume.  A 

coarse  approximation  would  be  3 radiation  (see  also  Vol.  IV). 

Tq  Is  constant  and  independent  of  altitude  for  DSPR  of  course. 
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He 


-34 


re  we  set  g.  , while  h = 6.6252  x 10  Joules/Hz,  W is  in  kg/sec, 


and  all  frequencies  v are  in  Hz.  The  relative  deexcitation  rate  parameter 


f..  is  given  by: 


'u  - 


A°.. 

IJ 

I j 


(3.  101) 


where  A°.  . is  the  Einstein  coefficient  for  a ! -♦  j transition,  whose  value 

IJ 

can  be  obtained  for  a particular  case  from  the  relations  presented  in 
Volume  II  of  the  Rocket  Radiation  Handbook. 


Now  for  vibrational  transitions  (but  not  for  rotational  or 
electronic  transitions),  the  band  center  frequencies  v.j  for  all  the  Av  = I 
transitions  v.  = 5 -•  v.  = 4,  v,  = 4 -»  v.  = 3,  etc.,  are  almost  the  same 
except  for  small  anharmonic  shifts.  Thus  the  vibrational  emission  bands 
(comprising  in  general  P-,  Q,-,  and  R-branches  •“  see  Vol.  Il)  from  these 
transitions  practically  overlap  except  for  these  small  anharmonic  shifts. 

If  we  use  the  vibrational  band  contour  function  b (v,v. .,Av. .)/Av. . in 
Eq.  (3.100)  which  assumes  that  the  rotational  lines  In  the  band  are  smeared 


out  anyway,  we  can  simply  set  all  v, . in  Eq.  (3.100)  equal  to 


V.  . = V 


a 


and 


e . i hv 
I a 


Then 


'‘•If  higher  resolution  spectral  emissions  are  desired,  Eq.  (3.100)  must  be 

used,  except  that  for  vibrational  transitions  /|j  sv  I may  be  assumed  so 

that  the  summation  over  J can  be  omitted.  The  more  detailed  rovibrational 

contour  function  b ^ ,(v,v. ,*Av, .)  given  In  Volume  II  must  be  used  in 

rov  IJ  IJ 

this  case  instead  of  b^(v,v. j, AVj j),  and  the  anharmonic  shifts  Aj= 
must  be  calculated  which  may  be  done  via  relations  given  in  Volume  II. 
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(3. 102)* 


Mere  the  summation  is  over  the  various  normal  vibrations  a with  fundamental 
frequency  of  various  ..  jlecules  X but  not  over  tl  e levels  of  a certain 
normal  vibration.  (Note  that  for  polyatomic  molecules  such  as  HgO  for 

(9h,o)^,“  tvU"  (VU* 


In  some  applications.  It  is  desirable  to  express  the  spectral 
radiant  intensity  In  terms  of  wavelength  \ Instead  of  frequency  v.  Since 


(3. 103a) 


dv 


(3.  ^03b) 


where  c = 2.94793  x lO'^  p.m/sec,  we  can  rewrite  the  general  equation  (3.100) 
In  the  form  (we  Include  summations  over  species  X tr,  the  summation  I,  that 
l»  9x,  - 9|): 


*Sse  footnote  to  Eq.  (3.100). 


130 


June  197^ 


FTD-CW-01-01-74 
Vol.  I 


» 


> 


n 


♦ 


dP(X)  _ 

dP  dv  _ 3.5076  X 10”  ^ 

/ b(v,v.,Av.)  \ 

dX 

dv  dX  1. 

i®’  1 Av,  / 

(DSPR) 

(p.m)  ^ V'  * j 

'(Hz) 

' CP  • 

Watts 

pm 

(3. 104)* 


Equations  (3.100),  (3.102),  or  (3.104)  give  the  total  spectral 
emission  from  the  exhaust  plume  which  escapes  through  the  surface  (see 
Figure.  3-10).  The  airount  of  radiation  that  is  observed  by  a sensor  viewing 
the  plume  depends  of  course  on  the  tield-of-view  (fov)  of  the  sensor,  the 
angle  between  the  plume  axis  and  the  sensor's  viewing  direction,  and  the 
range  or  distance  between  sensor  and  plume.  If  the  ohoton  density  or  fluence 
■listribution  in  the  dense  region  of  the  plume  were  constant,  the  leak  rate 
of  photons  leaving  the  surface  of  the  plutre  world  also  be  constant,  and  in 
that  case  the  number  of  photons  sensed  by  an  observer  would  only  depend  on 
the  geometry  of  the  plume  and  the  intersection  of  the  fov  with  the  plume. 

The  theory  of  photon  distributions  inside  exhaust  gas  plumes  and 
clouds  termed  ''photonics,"  Is  discussed  In  Volume  III  the  Rocket  Radiation 
Handbook.  An  ’ r,  vest  1 gat  ion  of  the  photonics  In  rocket  plumes  shows  that  the 
assumption  of  a constant  photon  fluence  (and  thus  a constant  emission  current) 
at  the  boundaries  of  the  optically  dense  core  region  of  a plume  is  reasonable 
for  flrst-ord-jr  calculations.  This  means  that  three-dimensional 

•^See  footnote  to  Eq.  (3.100), 
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vlewlng-geometry-dependent  variations  In  the  radiant  intensity  as  observed 
by  d distant  sensor  can  be  expressed  via  a simple  view  factor  F^.  Equations 
for  F^  ar:  , ,ssed  in  detail  in  Appendix  C for  various  plume  geometries 

(sphere,  cylinder,  and  cone),  is  normalized  there  to  = I for  isotropic 
piume  emission.  Note  that  the  assumption  of  a constant  photon  fluence 
near  the  surface  of  a radiation-containing  body  Is  precisely  the  condition 
that  makes  the  body  a "diffuse"  emitter  (following  the  "cosine  law"). 

Actually  for  a deep-space  rocket  plume,  the  optically  dense, 
diffusely  emitting  core  region  is  surrounded  by  an  optically  thin  emitting 
region  (particularly  in  the  rearward  direction)  where  the  photon  fluence  is 
no  longer  constant  and  where  emission  is  isotropic  instead  of  diffuse.  Thus 
a blend  of  both  diffusely  and  Isotropically  emitted  radiation  will  be  received 
by  a sensor  that  views  a deep-space  rocket  plume.  Nevertheless,  since  most 
radiation  usually  emanates  from  the  optically  dense  core,  the  use  of  a view 
factor  based  on  the  assumption  that  the  entire  plume  emits  diffusely, 

usually  gives  sufficiently  accurate  results  for  most  cases  of  interest. 

View  factors  for  Isotropically  emitting,  optically  thin  gas  clouds  and  for 
hybrid  cases  are  discussed  in  Volumes  III  and  IV  of  the  Rocket  Radiation 
Handbook  and  may  be  used  in  cases  that  the  assumption  of  diffuse  emission 
is  totally  invalid.  Of  course  experimentally  derived  view  factors  F^  can 
also  be  employed  if  available. 

Another  factor  that  must  be  taken  Into  account  before  we  can  write 
a final  radiation  equation,  Is  the  atmospheric  transmission  Tr  = Tr(v,S). 

This  app1ie.s  In  the  case  that  atmosphere  is  present  between  the  sensor  and 
the  rocket  plume,  causing  the  radiation  to  be  partially  absorbed  or  scat- 
tered as  It  travels  a distance  S from  the  plume  to  the  sensor.  Tr(v,S)=  I 
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ol  course  if  there  is  no  intervening  atmosphere.  Volume  V of  the  Rocket 
Radiation  Handbook  gives  expressions  of  Tr(v,S)  for  various  portions  of 
the  spectrum. 

Returning  to  Eqs.  (3.100)  and  (3.10?)  then,  and  adding  a view 
factor  and  transmission  factor,  the  view-dependent  radiant  intensity  as 
observed  by  a sensor  may  be  expressed  byr 


where  Tr(v,S)  = I outside  the  earth  atmosphere,  and  F^=  I for  a spherical iy 
symmetric  emitting  plume.  In  Eq.  (3.105),  v and  AVjj  *re  in  THz  (=  lO'*  Hz) 
which  is  a more  natural  unit  than  the  Hz  In  the  optical  region  of  the  spec- 
trum. In  many  approximate  analyses,  one  might  set  w I,  if  the  plume 
geometry  is  not  accurately  known. 

Similarly  Eq.  (3.104)  becomes: 

See  footnote  to  Eq.  (3.100). 
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(3. 106)* 

Equations  (3.105)  and  (3.106)  give  the  spectral  steradiancies  of 


deep-space  rocket  plumes  in  any  desired  part  of  the  spectrum.  To  use  these 
relations,  one  has  to  know  only  the  rocket  mass  flow  rate  W,  the  exit  tem- 
perature , and  the  exhaust  species  composition  g.  = gj^^  = 
spectral  region  of  interest  is  specified,  expressions  for  b(v,v.,Av.)  and  for 
Av.  can  be  written  from  the  relations  given  in  Volume  II.  To  get  the  total 
steradiance  for  a certain  portion  of  the  wavelength  spectrum,  one  can  of 
course  simply  integrate  Eqs.  (3.105)  or  (3. lOo)  numerically  (or  analytically 
if  the  expressions  for  b(v,Vj,AVj),  etc.,  allow  it)  over  the  spectral  range 
of  interest. 

In  Eqs,  (3.105)  and  (3.106),  all  plume  geometry  effects  are 
contained  in  the  view  factor  , which  is  on  the  order  of  I.  This  formu- 
lation is  clearly  much  simpler  (and  also  more  accurate)  than  that  developed 
in  other  approaches  (see  for  example  Ref.  14)  where  plume  geometry  is  first 


*See  footnote  to  Eq.  (3.100). 

<♦*10  the  sum  over  excited  states  I In  Eqs.  (3.105)  and  (3.106),  many  of  the 
gi  have  the  same  value.  For  exair^ie  H2O  has  three  vibrational  infrared- 
active  levels,  which  we  m'.jht  label  I » I,  1 « 2,  and  i = 3.  Then  9|  = 92=93- 
The  index  i = 4 might  be  assigned  to  the  vibrational  level  of  CO,  and  thus 
* «tc. 
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calculated  from  an  approximate  theoretical  aerodynamics  model  and  then  the 
radiation  emitted  by  small  volume  elements  in  the  plume  summed  over  the 
entire  plume.  Approximate  averaged  values  for  gas  self-absorption  and 
emission  factors  are  further  used  to  account  for  intervening  gas  between 
the  observer  and  the  volume  elements. 

The  relations  developed  above  are  for  a steadily  burning  rocket. 

If  the  rocket  ceases  burning,  the  source  term  G(X.)  in  (3.63)  drops  out,  and 
if  we  assume  the  terms  R(X.),  S(X.),  and  B(X.)  to  be  negligibly  small  (we 
may  still  assume  P(X.)  = L(X.)  under  LTE  conditions),  we  get: 


f 


i 


I 


I 


t 


6N(X.)  5N. 

9t  ~ 9t 


D(Xj)  + C(Xj)  = 


■/[■ 


dX. 


dn 
X dX 


C CT 


Y' 


] 


dX  “ -p 


I I 


N. 


(3.  107)* 


Here  N.  = N(X.)  is  the  total  number  of  i-exclted  X molecules  in  the  plume, 
is  the  total  number  of  X molecules,  and  Pj  is  the  probability  for  photons 
emitted  from  excited  molecular  level  1 to  escape  from  the  plume.  Expressions 
for  the  escape  probability  Pj  of  photons  of  wavelength  X close  to  X.=  c h/e^ 
are  given  in  Volume  III  of  the  Rocket  Radiation  Handbook.  The  equality  of 
the  last  two  members  of  (3.107)  is  also  discussed  in  Volume  III. 

The  solution  of  (3.107)  Is  of  course  simply: 


N.(t0  = Nj(t'=  O)  exp-(pjA°t') 


(3.  108) 


*As  shown  In  Volume  II,  we  have  dAj/dv  = A°  ^(fjj/AVjj)  b(v,v j j,AVjj) 
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where  is  measured  from  the  moment  of  rocket  thrust  cessation,  and 

Nj(t^=  0)  equals  the  total  number  of  I-excited  X molecules  before  thrust 

cessation.  Since  J and  dJ/d\  are  proportional  toJ^N.  , we  have  that: 

1 ' 


oxp-(p.A®  t') 


(3. 109) 


/ d J . \ 

where  I J refers  to  the  steradiance  due  to  emissions  from  the  i-th  level 
\d\ 

only  (Eq.  (3.106)  with  the  summation  sign  over  i omitted)  at  time  t^  = 0. 

The  escape  probability  parameter  pj  is  unity  for  an  optically  thin 
plume  and  becomes  small  for  an  optically  thick  plun».  It  depends  in  a com- 
plicated way  on  plume  geometry,  plume  temperature  and  pressure,  and  other 
parameters  (see  Volume  III). 

From  the  results  we  obtained  above.  It  Is  clear  that  for  a steadily 
burning  rocket,  the  radiant  emission  Is  in  first  approximation  independent  of 
whether  the  plume  is  optically  thick  or  thin  (except  for  the  view  factor). 

That  is  whether  a pho*'on  released  from  level  1 In  the  plume  is  reabsorbed 
and  reemitted  1000  times  on  the  average  before  It  escapes  from  the  plume,  or 
whether  it  experiences  absorption  and  reemisslon  10  times  is  of  no  consequence 
to  the  total  outgoing  photon  current  that  leaves  the  plume  as  long  as  the 
supply  rate  and  decay  rate  of  excited  levels  are  balanced,  that  is  under 
steady-state  operating  conditions.  The  photon  eventually  escapes  the  plume 
and  its  average  hold-up  time  in  the  plume  Is  not  Important. 

When  the  supply  rate  of  1 -excited  molecules  is  suddenly  stopped 
however,  the  radiance  dJ/dX  will  decay  exponentially  with  time,  and  now  the 
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average  resistance  for  a photon  to  escape  or  the  average  hold-up  time  does 
become  important,  and  is  incorporated  In  the  escape  parameter  Pj  . The 
calculation  of  Pj  for  various  plume  geometries  is  given  in  Volume  III. 

3.3.3  Undisturbed  Core  or  Mach  Cone  Radiation  (CORE) 

When  a rocket  engine  exhausts  into  the  atmosphere,  the  plume 
radiation  can  no  longer  be  treated  quite  a'^  simply  as  in  i-he  case  of  a dis- 
charge into  the  vacuum  of  deep-space,  because  of  the  interaction  of  the 
exhaust  with  the  ambient  atmosphere.  In  this  case  it  is  necessary  to  con- 
sider separately  the  radiation  emitted  from  (a)  the  undisturbed  core  region 
of  the  plume,  (b)  the  mixing  region  of  the  plume,  and  (c)  the  slowed-down 
exhaust  cloud  which  is  left  In  the  atmosphere  (see  Chapter  2). 

As  discussed  In  sections  2.3  and  2.4,  CORE  or  Mach  Cone  radiation 
is  essentially  due  to  radiative  deexcitations  beyond  the  rocket  nozzle  of 
molecules  which  were  originally  thermally  excited  Inside  the  high-temperature 
rocket  chamber.  However  only  those  deexcitations  which  occur  ip  the 
"Undisturbed  Core"  or  "Mach  Cone"  as  shown  In  Figures  3-11  and  3-12  (see  also 
Figure  2-l)  will  be  considered  to  contribute  to  CORE  radiation^  Outside  this 
region  the  molecules  are  reheated  due  to  collisions  with  molecules  from  the 
atmosphere.  This  requires  separate  consideration  and  will  be  treated  in 
the  next  section. 

Clearly  the  total  radiation  from  the  core  is  equal  to  that  emitted 
by  the  exhaust  In  deep  space  (DSPR),  minus  an  amount  that  would  have  been 
emitted  by  sti 1 1 -excl ted  molecules  that  travel  beyond  the  core  region  boundary 
into  the  mixing  region.  If  one  can  calculate  therefore  the  mean  dwell  time 
of  molecules  in  the  Mach  Cone  region  and  one  knows  the  mean  radiative 

^•■The  terms  "Mach  Core"  and  "Mach  Cone"  will  be  used  interchangeably  from 
here  on. 
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FIGURE  3-11.  ILLUSTRATION  OF  CORE  REGION  OF  HEDIUM-ALTITUDE  ROCKET  EXHAUST  FLOW  FIELD 
(See  disc  Schlieren  photographs  of  Figures  47  to  49  of  Ref.  36) 


FIGURE  3-12.  ILLUSTRATION  OF  DIFFUSION  FRONT  PENETRATION  INTO  HYPOTHETICAL  STRAIGHT-CYLINDER 
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emission  time  Tj  and  suppressant  transfer  time  t^j  (see  Eq.  (3.94)),  one  can 
obtain  the  total  radiation  emitted  from  level  i from  the  CORE  region,  by 
multiplying  the  solution  for  the  DSPR  case  by  the  non-survival  fraction  F. 
of  excitations  1 in  the  core: 


F - 


M 


* 


(3. I 10) 


The  radiative  decay  time  Tj  must  be  used  in  (3.110)  and  not  the 
collisional  mean  life  of  an  excited  level  i of  a molecule,  since  according  to 
LTE,  the  collisional  excitation  rate  e-|uals  the  col’islonal  deexcitation  rate 
everywhere  in  the  core  (see  the  previous  section)  and  therefore  the  net 
radiative  decay  time  of  level  i for  the  bulk  flow  is  T|»  Often  t | is  zero 
in  (3. I 10). 

The  total  radiation  emitted  from  the  CORE  region  is  thus  given  by: 


/ ®i  \ 

r -f  ' 

^i 

Watts 

\ KTe  / 

t"'  + T-' 

1 - exp-l 

/J 

' Hz 

or  in  terms  of  wavelengths: 


(3.  I I I) 


(3. I 12) 
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In  applications  where  one  deals  with  ground-state  connected  transitions, 
j 0 and  /jj“  I so  that  the  summation  over  j is  unnecessary. 

Equations  (3. I I l)  or  (3.112)  now  contain  a strong  altitude-dependent 
parameters,  namely  (and  a weaker  one,  Av.j).  This  is  In  contrast  to  the 
DSPR  equations  which  were  free  of  alti tude-dep'ndent  factors,  except  for  the 
view  factor  . Equations  (3.  Ill)  and  (3.112)  still  must  be  multiplied  by 
the  view  factor  F /4tt  and  the  transmission  factor  Tr(v)  to  obtain  the 

V 

direction-dependent  steradiance.  Thus  (using  units  of  THz  for  v and  Av..): 


/dj(v)\  , , . v-'v' , 

i = 31.765  F Tr(v)  W v ♦ >^>^9;^::  ^ — 

' /core  (kg/s)  (THz)  V j 'J(THz) 
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' e / T. 
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Expressions  for  the  molecular  spectrum  parameters  b(v,v. j,Av. j), 
Av.j  , T.  ) T^j  , w.  , e.  , Zy  , etc.,  are  given  in  Volume  II  of  the  Rocket 


U 


qi 


Radiation  Handbook,  whiie  the  rocket  hardware  parameters  W , g.  , and  are 
assumed  to  be  specified. 

The  spectral  band  or  line-spread  depends  on  the  mean 

temperature  in  the  Mach  core  and  therefore  also  on  altitude.  As  an 
approximation  we  may  take  for  in  the  core: 


- I T + T 
3 e 3 exh 


(3.  I 15)^^ 


where: 


exh 


= T 


(3.  I 16) 


in  which: 

T - Mean  temperature  of  exhaust  gas  in  nozzle  exit  plane,  °K 

= Combustion  chamber  temperature,  °K 

0^  = Pressure  of  exhaust  gas  in  nozz’e  exit  plane, 

bars  ( I bar  = 14.5  ps  i ) 

p^  - Rocket  chamber  pressure,  bars 

p = Ambient  atmosphere  pressure,  bars 

d 

■y  = Rocket  exhaust  gas  coefficient  (y  ~ 1.2  usually) 

*A  more  rigorous  approach  would  be  to  set  (Tm)qq|^£  = ( '"Xq)  > 

and  to  determine  Xq  experimentally  instead  of  setting  x^^  1/3* 


*) 
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Note  thdt  is  defined  In  such  a way  that  ("^m)(;ore 

p "•  0.  Equation  (3.116)  can  be  derived  from  one-dimensional  rocket  exhaust 

U 

flow  dynamics  (see  Volume  IV,  Rocket  Radiation  Handbook).  The  altitude 
dependence  of  Av . . enters  thus  via  p into  T . and  thence  into 


on  wh i ch  Av . . 

U 


depends . 


The  remaining,  more  strongly  altitude-dependent  parameter  which  one 

needs  in  Eqs . (3.113)  and  (3.114)  is  the  CORE  dwell  time  Ti.  . If  the  mean 

n 

bulk  velocity  of  molecules  in  the  Mach  Core  region  is  Vj^^  (m/sec)  and  the 

mean  travel  distance  through  the  core  equals  Li.(m),  then  clearly: 

n • 


^M  ~ ^m/^M  * (3.117) 

Now,  as  illustrated  in  Figure  3-11,  in  the  free  jet  or  plume  the 
air  molecules  will  start  to  diffuse  inwards  into  the  core,  while  at  the  same 
liiiie  the  exhaust  diffuses  outwards  into  the  air.  The  velocity  of  the  diffusion 
front  of  the  inwards-moving  air  we  shall  label  V^.  and  it  may  be  a function  of 
time,  that  is  V^  - V^(t).  The  exhaust  gas  moves  at  the  same  time  rearwards 
(with  respect  to  the  nozzle)  with  an  average  velocity  V^  = Time  t 

is  defined  here  as  the  elapsed  time  since  the  exhaust  molecules  left  the 
nozzle  exit  plane. 

Now  as  illustrated  in  Figure  3-11,  due  to  'he  pear-shaped  core  flow, 
whose  general  features  may  be  calculated  in  first  approximation  from  the  fr’*-- 
tionless  Euler  equations  of  fluid  dynamics  (and  which  has  various  types  of 
shocks  in  it  ),  the  inwards  diffusion  front  also  follows  a pear-shaped  contour. 

^It  should  be  mentioned  here  that  in  spite  of  the  presence  of  internal  shocks 
Inside  the  undisturbed  core,  the  Gauss  divergence  theorem  still  holds  throughout 
the  core,  even  through  shocks.  Thus  the  result  (3.93)  still  applies. 
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If  the  jet  did  not  fi’st  blossom  and  then  contract,  but  instead 
flowed  everywhere  in  straight  lines  parallel  to  its  axis  as  a straight 
cylinder,  the  diffusion  front  of  the  inwards-diffusing  air  would  proceed 
as  shown  in  Figure  3-i2.^  For  this  case  relatively  simple  relations  can 
be  developed  to  calculate  the  undlstrubed  conical  core  height  h and 
thence  the  average  travei  length  Before  treating  the  blossoming 

supersonic  jet  case,  let  us  first  consider  therefore  the  inward  diffusion 
of  air  into  the  simpler  cylindrical  jet  model  of  Figure  3-12. 

The  height  of  the  undisturbed  cone  h (see  Figure  3-!2),  which 
is  the  point  where  the  inwards-diffusing  air  has  reached  the  centerline 
of  the  cone,  is  given  by: 


Here  and  are  time-averaged  velocities. 

The  diffusive  propagation  velocity  is  in  general  composed  of  a 
molecular  diffusion  component  and  a turbulent  diffusion  component  , 
that  is: 


■“■The  situation  of  Figure  3-12  is  actually  close  to  that  which  exist  for  e 
subsonic  aircraft  exhaust  jet. 
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''f  " ''fd  ^ ''ft  > 


(3. I 19) 


If  the  air-related  exhaust  velocity  V^  given  by: 


''r  " I''v“^mI  ^ 


(3. 120} 


is  large,  the  turbulent  term  usually  dominates  and  V^  V^^  . If  on  the 

other  hand  V - 0,  no  turbulence  can  exist  and  V,  = V,  , . In  (3.  120)  V is 
r f fd  V 

the  rocket  vehicle  velocity. 

Now  as  shown  in  Appendix  D,  the  inward  velocity  of  a diffusion  front 
for  a cylindrical  geometry  is  given  by: 


a - r. 


, m/sec  , 


(3.  12  1) 


where: 


Molecular  gaseous  diffusivity,  m^/sec 


-y-  = original  radius  of  axisynimetric  exhaust  plume 
ot  time  t = 0 , m 

Radial  distance  from  plume  axis  of  diffusion 
front  from  plume  axis,,  m 


we  have  also  according  to  Appendix  D that; 
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The  time  of  travel  t.  for  the  diffusion  front  to  reach  the  axis  is  then 

T 

according  to  Eq.  (3.  122)  given  by: 

a* 

tf  = , sec  (3.  123) 

Then  the  average  molecular  diffusion  front  velocity  is: 

'fd  - = -P  = -F-  < 

f e e 

where  D is  the  nozzle  exit  diameter, 
e 

The  average  inward  velocity  due  to  turbulent  diffusion,  , is 
simi larly  given  by: 


8 2). 


'ft 


= 4 V 


* 


(3. 125) 


where  the  "friction  velocity"  is  defined  by  (Refs.  37  and  38): 


V 


* 


(3. 126) 


and: 


2)^  = Turbulent  diffusion  coefficient,  m*/sec 

A theoretical  value  for  derived  from  Von  Karmann's  theory  of 
turbulence  (Ref.  37)  Is: 

= 0.  150  Re"°* , m/sec  (3.127) 
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where  the  Reynolds  number  Re  is  given  by: 


Re  - 


V D 
r e 


k , V D V D 

d r e , , re 

2>  2) 


In  Eq . (3.128)  |j,/p  is  the  "kinematic  viscosity"  and  2 is  the  "molecular 

diffusivity"  which  equals  2)  = k^  p/p.  Here  k^  - 1.200  for  hard-sphere 

molecules  and  k^  = 1.543  for  molecules  which  repel  each  other  according  to 

the  inverse-fifth-power  of  the  distance  (Ref.  34).  For  the  exhaust  gases  of 

interest  we  shall  take  k,  fsj  1.4. 

d 

The  velocity  is  according  to  Eq.  (3.125)  and  (3.127)  then: 


V,,  = 0.60  V Re 
ft  r 


-0.  125 


where  must  be  time-averaged  over  the  time  interval  t^  . Usually  = 

- constant  and  = '^v " “ constant,  during  the  time  interval  t^  . That 

is  no  significant  changes  occur  In  the  plume  for  a steadily  moving  rocket 

-3  -2 

during  a time  interval  t^  10  to  10  seconds. 

Substituting  (3.129)  and  (3.124)  into  Eq.  (3.119)  we  obtain  for 
the  average  diffusion  front  velocity  : 


+ 0.60  Re”°*'^^  , m/sec  , 

e 


and  from  (3.118): 
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“e  r,  r 92)  ^ . ..  n . -O.125T' 
•5-  “hL"D—  ’■  ''r  J 


— V 

2 ''m 


82) 


+ 0.5516  V 


r\V  D / 
' r e ' 


0.  125 


(3.  131) 


Values  of  h calculated  from  Eq.  (3.131)  agree  surprisingly  well  with 

experiment.  For  example  for  the  case  that  = 100  m/sec,  = I inch  - 

-2  -5 

- 2.5  X 10  m,  and  wi th  2)  = 2>  . = 1.6  X 10  m*/sec,  we  calculate  from 

3 1 r 

(3.131)  that  h/D^  - 4.02  while  experiments  with  subsonic  jets  (Ref.  39)  show 

that  h/D  sa  4.25  in  this  case, 
e 

We  can  also  obtain  the  time-dependent  radial  diffusion  front  velocity 
V^  = V^(t)  which  according  to  Eqs.  (3.  I2l),  (3.  127),  and  (3,  128)  is: 


V^(t)  = j 2)  + 0.06895  V 


r \V  D / 
r e' 


P.  125 


,0.5 


t , m/sec  (3.  132) 


The  mean  distance  of  travel  for  a molecule  through  the  undisturbed 
cone,  prior  to  entering  the  mixing  region,  is  given  by: 


r=0  e r=0  e 


(^-r) 

e 


4 2) 


dr  = 


tot 


0* 

e 


'M 


24  2),^,  - 96  3> 


tot 


m 


(3.  133) 
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r 


I 


t 


s i nee 


h = 


e 


4 


tot 


D*  V 
e 

16 


M 

tot 


(3. 134) 


Here  we  define  ^ to  be: 

tot 


wliere. 


- 2)  + 2>^  , mVsec 


= 0.06895  0 V 


(3.  135) 


(3. 136) 


Wr i tten  out  thu$: 


12 


8 2) 
D 


+ C 


- / 2) 

''r  TT 

\ r e' 


-I 


m 


(3. 137) 


The  mean  residence  time  for  a molecule  in  the  undisturbed  cone 
is  final ly: 


*M 


1® 

2 


82> 


+ 0.5516 


V (^f 

“J 


125 


-I 


, sec  (3. 138) 


The  result  (3.138)  applies  to  the  cylindrical  straight  jet.  For 
the  blossoming  supersonic  jet  shown  in  Figure  3-11,  one  could  as  an  approxi- 
mation replace  by  0^^^^  , where  5s  the  diameter  of  the  jet  upon  adiabatic 

expansion  from  pressure  p to  pressure  p according  to  one-dimensional  flow 

G d 
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theory  (see  Vol.  IV).  This  approximation  might  be  reasonable  at  the  lower 
altitudes,  but  at  the  higher  altitudes  where  0^^^  is  large  it  would  be 
physically  unreasonable  to  expect  that  atmospheric  air  would  not  have  pen- 
etrated the  plume  to  a considerable  extent  before  the  exhaust  has  expanded 
to  diameter  A more  agreeable  though  coarse  approximation  is  to  replace 

^ 0 J E'l-  (3.138),  where  D 


e ' "M  2 '“e  exh 
expansion  (see  Vol.  IV); 


exh 


is  the  diameter  at  f ul 1 


exh 


l_ 

2y 


Y - I 
Y 


- 1/4 


(3.  139) 


Here  p is  the  combustion  chamber  or  total  pressure  of  the  jet,  p_  is  the 
c ° 

ambient  air  pressure,  and  Is  the  nozzle  throat  diameter  (m).  Then: 


Now  the  "molecular  dlffuslvlty"  2)  Is  a function  of  temperature 

and  pressure.  In  Eq.  (3.140)  the  value  for  2>  must  be  evaluated  at  the 

Core  Gas/Mlxed  Region  Interface.  We  can  write  approximately  for  2)  (see 

Eq.  (S-r^): 

(i,U) 

(t  )^^^ 

2>  = 2.358  X 10'^  -7~  , mVsec  (3.141) 

Pi  p./.  "e 
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where: 


Tj  B Average  temperature  in  Interface  region, 

pj  s Average  gas  pressure  in  Interface  region,  atm 

M s Mean  molecular  weight  of  exhaust  gas,  a.m.u. 

» T?(r^+rjj)*  ■ Average  collision  cross-section 
between  air  molecules  A and  exhaust  molecules  X; 
In  units  of  X*  a 10* cm*  = m* 

rA , r^  ° Average  collision  radii  of  molecules  A and  X 
respectively,  X 


For  most  rocket  exhaust  gases  the  product  ) l»  nearly 


constant  and  we  may  set: 


^^a/e  i • (a.m.u.) , 


in  Eq.  (3.141).  Further  we  shall  assume  that: 


Pt  P. 


.3/2  1/2 

' I “ ^e  %xh 


eft) 


(y  0/y 


With  the  values  (3.142a)  through  (3.142c)  substituted  in  (3.141),  we  obtain 
finally  for  2>: 


*The  choice  for  this  estimate  is  based  on  the  requirement  that  the  CORE 
dimensions  must  attain  a constant  finite  value  In  deep-space  where  p^  -•  0 

(see  Eq.  (3.144)).  If  we  took  , the  CORE 

dimensions  would  grow  (very  slowly)  to  Infinity  as  p^  -*  0.  This  we  know 
is  incorrect  (see  section  3.3.2). 


I 


r 


r 
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where: 


Pi 

M 


e 


- Average  exhaust  gar,  temperature  in  interface 
region,  ®K 

A ... 

Average  ga.  pressure  in  interface  region, 

- Mean  molecular  weight  of  exhaust  gas,  a.m.u. 


a 


a/e 


= n(r^+rx)*  = Average  collision  cross-section 

between  air  molecules  A and  exhaust  molecules  X; 


in  uni  ts  of  A*  = 10' 


16 


cm 


= .0-20 


"'a  ’ “ Average  collision  radii  of  molecules  A and  X 

respectively,  A 


For  most  rocket  exhaust  gases  the  product 


is  nearly 


constant  and  we  may  set: 


(5^^^  46  , A*  • (a.m.u.)  ^ ^ 

in  Eq.  (3.I4|).  Further  we, shall  assume  that: 


Pj  « 


Tt  T . 

I exh 


(y-  O/y 


(3.  142a) 


(3. 142b) 


(3.  142c) 


With  the  values  (3.142a)  through  (3.142c)  substituted  in  (3.141),  we  obtair 
finally  for  2>  : 

j/l  aJcu 
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a>  w 5. 126  X 10 


T 3/2* 
■9  exh"rt 


5,  126  X 10  ■ > m*/sec 


(3. 143) 


Note  that  the  parameter  as  defined  by  (3.140)  approaches  a 
limiting  vaiue  at  very  high  altitudes  (where  p -*0)  which  is  given  by: 

d 


N 


o' 

exh 

Pg-o  384  2) 


= 5.080 


>'  6' 


D‘  p 
e e 

t3/2 


sec 


(3. 144) 


(m*  . bars  . 


Here  0 is  in  meters,  p is  in  bars,  and  T is  in  °K.  When  p -*  o,  the 
molecular  diffusion  part  (the  first  member)  in  the  brackets  of  (3.140) 
becomes  much  larger  than  the  turbulent  diffusion  part  (the  second  member) 
so  that  the  latter  can  be  neglected.  The  resultant  expression  then  becomes 
equal  to  (3.  144)  which  is  independent  of  p 

d 

The  mean  core  length  similarly  approaches  in  deep  space  the  value: 


I 


V 


M °Lh 

348  2) 


Y+  I 


/xrJ.y 

/2/  2 \2(y“I)| 

\ 2 / 

\y+i/  ' 

Pe 

p3/2 


m (3. 145) 


Thus  even  in  a vacuum,  a CORE  region  can  be  defined  which  cannot  be  penetrated 
by  whatever  ambient  molecule  is  encountered.  This  is  as  it  must  be  physically 
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according  to  our  definition  of  the  Mach  Core.  For  typical  values  of  y 1.25, 
P 40  bars,  p O.b  bars,  V = 2000  ir./sec,  and  T 1500  K,  we  find  fin' 

C 6 Q G 

example  from  (3.143)  and  (3.144)  that  = 30  sec,  and  --  60  kilometers. 

One  other  paramecer  which  needs  to  be  determined  more  precisely 
belore  we  can  use  Eq.  (3.140),  Is  the  absolute  mean  relative  velocity 

know  tliat  9^^  must  have  a value  somewhere  in  between 
and  , that  is  somewhere  between  the  velocity  in  the  nozzle  exit  plane 

v-hert;  the  temperature  is  T (and  the  pressure  p ),  and  the  velocity  at  the 
l ully  expanded  point  where  T = (and  the  pressure  p^) . Using  the 

adiabatic  isentropic  flow  relation  (see  Vol.  IV): 


V = V 


I . (p/p^)0-i)/v 

I - (P 


^1/2 


e c 


= V 


^c  - 


,1/2 


e \T  -T 
' c e 


, m/sec  , (3.  146) 


and  the  approximation  (3.115),  one  may  set: 


. ? I '/2 


, I I ' ^exh 

e / 3 \ T - T 

c e 


1/2 


, m/sec  (3.  147) 


Here  is  given  by  Eq.  (3.116),  is  the  combustion  chamber  temperature, 

Tg  is  the  exhaust  gas  temperature  in  the  nozzle  exit  plane,  and  V^  is  the 
velocity  of  the  exhaust  gas  in  the  nozzle  exit  plane  which  is  given  by: 


*The  same  remark  applies  here  as  was  given  In  connection  with  Eq.  (3.115), 
that  is  i.n  a more  rigorous  approach,  the  factor  1/3  in  Eq.  (3.147)  should  be 
replaced  by  Xq  which  may  be  obtained  experimentally  or  analytically. 
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I 


1/2 

, m/sec  (3.  148) 

In  Eq.  (3.148),  is  the  mean  molecular  weight  of  the  exhaust  gases 
(grammoles),  y is  their  specific  heat  ratio  and  the  factor  l29pfj''/2^  = 

= 128.973  m/sec,  where  R is  the  gas  constant. 

In  conclusion,  we  have  obtained  an  expression  for  the  radiant 
intensity  of  the  CORE  region  of  a rccket  plume  (Eqs.  (3.113)  and  (3.114)) 
which  is  theoretically  rigorous  except  for  the  estimates  or  approximations 
(3.115)  and  -■  ■*"  Both  approximations  enter  into  the  parameter 

via  relations  (3.140)  and  (3.147),  while  Av.j  depends  only  on  the 
approximation  (3,115). 

Because  of  the  approximations  that  were  used,  it  may  be  argued 
that  the  result  (3.113)  or  (3.114)  gives  no  large  improvement  over  the  usual 
calculations  based  on  a computer  sum  over  the  radiation  from  many  small  volume 
elements  of  a mathematically  calculated  flow  field.  However  it  should  bo 
remembered  that  the  theoretically  calculated  flow  field  as  well  as  the 
averaging  over  photon  mean  free  paths,  amiss i vi ties,  etc.,  which  are  always 
made  in  such  computations,  also  contain  many  approximations  that  cause  the 
final  result  to  have  an  uncertainty  as  large  as  (and  usually  worse  than)  the 
one  inherent  in  calculations  bas**d  on  (3.113)  or  (3.114).  When  a signature 
of  dJ/dX  as  a function  of  altitude  h is  needed,  Eqs.  (3.113)  and  (3.114)  can 
give  immediate  answers,  but  if  the  usual  "cel lular Ized  field"  approach  is 
employed,  a new  elaborate  computer  calculation  is  needed  for  each  altitude 
point.  Clearly,  E^s.  (3.113)  and  (3.114)  are  much  superior  in  sueli  a case. 


I 


\ 
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Even  if  the  calculation  via  Eq.  (3.113)  or  (3.114)  gave  a .esult  that  was 
slightly  too  high  or  too  low,  this  effect  would  be  carried  through  at  all 
altitudes,  and  thus  would  not  influence  the  general  shape  or  trend  of  an 
a 1 1 i tuJe  s i gnature. 

3.3.4  Afterburning  and  Collisional  Deceleration  Radiation  (ABCD) 

Because  most  rocket  exhausts  are  fuel-rich  and  contain  considerable 
fractions  of  unoxidized  , CO,  H,  and  OH,  reactions  with  0^  of  the  atmo- 
sphere will  take  place  in  a rocket  plume.  In  these  so-called  "afterburning” 
reactions  heat  is  liberated  which  will  cause  additional  vibrational  exci- 
tations in  some  of  the  exhaust  molecules  and  thus  additional  emissions  of 
radiation.  At  the  lower  altitudes,  the  air  density  is  high  and  thus  the 
supply  of  oxygen  plentiful  to  sustain  afterburning.  However  as  a rocket 
reaches  the  higher  altitudes,  th-s  thinness  of  the  atmosphere  causes  a gradual 
fade-out  of  afterburning  and  thus  a subsidence  of  af terburni ng- i n i t i ated 
rad i at  ion. 

In  addition  to  heat  released  from  afterburning,  heat  is  generated 
in  the  mixing  region  from  the  conversion  of  dynamic  velocity  energy  of  the 
plume  relative  to  air.  This  radiation-generating  "collisional  deceleration” 
takes  place  in  the  air  shock  (see  Figure  2-l)  and  must  bs  considered  together 
with  "afterburning”  since  their  heating  effects  occur  concurrently  so  that 
the  total  temperature  rise  and  therefore  the  radiation  rate  is  higher  than 
if  the  temperature  rise  due  to  each  inechanism  were  considered  separately. 

The  two  me;hanisms  are  thus  coupled  ana  we  shall  use  the  label  ABO  to  indi  • 
cate  their  combined  effect  !n  the  general  case.  However  at  high  altitudes 
where  afterburning  ceases,  coilisional  deceleration  is  the  only  significant 
radiation-producing  mechanism  left  of  course. 
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Now  formally  we  can  write  for  the  ABCD  radiant  emission  coming 
from  the  mixing  region: 


^ ^ f ^ H,  Watts 

dv  4n  J dv  '^i  du  ’ ster*  Hz  ^ 

ABCD  ' 

Volume 


(3. 149) 


where  the  integration  is  over  excited  molecules  i in  the  mixing  region  (or 
ABCD)  volume,  and  the  other  parameters  are  as  defined  before.  To  evaluate 
(3.149),  we  shall  use  an  approach  similar  to  the  one  given  in  section  3.3.2, 
and  obtain  an  explicit  expression  for  the  quantity  beyond  the  integral  sign 
in  (3. 149) . 

We  shall  again  assume  local  thermodynamic  equilibrium  (LTE) 
throughout  the  ABCD  region  so  that  P L terms  In  the  equivalent  of 
Eq.  (3.63)  cancel  each  other,  and  we  are  left  with: 


(3.  150) 


Here  D.  , C.  , and  F.  are  as  defined  before  in  section  3.3.2,  but  now  the 
radiation-generating  term  (G])^gj.Q  Is  different.  We  have  neglected  the 
stimulated  emission  term  B.  here  as  well  as  the  V-V  exchange  terms  R.  and 
S.  of  Eq.  (3.63)  s’r.ce  they  are  usually  negligibly  small.  If  V-V  exchange 
is  important,  a correction  term  rj */(rj * + t”|)  may  be  factored  into  the 
relations  we  shall  develop  below  In  the  same  manner  as  we  did  for  the  DSPR 


and  CORE  radiation  cases. 
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We  can  formally  write  for  the  source  term: 


ABCD 


= V 


+ 


(3.  151) 


where  we  neglected  again  kinetic  diffusion  effects  (see  the  discussion 
following  Eq.  (3.84)),  and  where: 


Vabcd  ” velocity  of  molecules  in  the  ABCD  region, 

m/sec 

= Density  of  molecules  X,  m ^ 
np  = Density  of  fuel  molecules  F,  m~^ 


= AB  chemical  reaction  conversion  parameter  giving 
the  number  of  excited  states  X.  produced  due  to 
reactions  of  fuel  molecules  F with  atmospheric 
oxygen,  per  fuel  molecule  F 


Tl.  = Fraction  of  molecules  X excited  to  state  i in 

I 

ABCD  region  due  to  the  ABCD  temperature  increase 


The  product  np5.  equals  the  number  of  excited  states  X.  created 
per  unit  volume  due  to  AB  chemical  reaction  (not  due  to  any  other  already 
existing  X.'s),  that  is: 


reaction 


Cinp 


(3  (52) 


We  sha  ’ discuss  the  parameters  ||  and  in  detail  below,  but  first  let  us 


car  < out  an  integration  over  the  ABCD  emission  volume  in  the  same  manner 
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as  we  did  for  the  Mach  Core  case.  We  again  assume  steady-state  conditions 
so  that  5n./St  = 0 in  (3.  150).  Then  we  have  that; 

^‘^'^ABCD  " ^'^ABCD  S ^‘^ABCD  (3.153) 

ABCD 
Vo  I ume 

Or,  since  (*-i)/^00O  represents  the  number  of  photons  absorbed  per  unit  time 
in  the  ABCD  region,  the  net  rate  of  escaping  photons  is; 


^ABCD 


" "^'^ABCD  " f 


dn. 

I 

du 


du  = 


ABCD 
Vo  1 ume 


photons 


sec 


ABCD 

Volume 


(3. 154)^ 


which  when  converted  to  a surface  integral  over  the  entire  surface  of  the 
ABCD  volume  yields: 

/'  dn, 

''>i  IT 

ABCD 
Volume 

photons 

^ c 


ff  ^ABCD 


Surface  of 
ABCD  Region 


where  ds  is  the  directional  unit  surface  normal  to  the  surface.  We  recognize 
^ABCD  ^ABCO  "^X  Influx  of  unburned  fuel  and  excitable  molecules 

to  the  ABCD  region,  and  rip|j  and  nj^Tjj  as  the  influx  of  excited 


^A°|  is  the  total  spontaneous  emission  rate  from  level  i (see  Vol.  II,  Rocket 
Radiation  Handbook).  The  contribution  to  excited  levels  1 from  the  cascade 
term  Fj  = (*•*  (3.93))  Is  here  incorporated  In  factors  and  Tjj  . 


1 
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molecules  X.  due  to  respectively  afterburning  reaction  and  thermal  excitation 
(including  cascade  contributions).  We  shall  assume  the  ABCD  region  to  extend 
to  some  distance  behind  the  rocket,  beyond  which  no  or  very  few  excited 

molecules  X.  exist  so  that  the  outflux  of  X.  is  zero.  Then  if  we  assume  F. 

I I ^1 

and  T|.  to  be  constant  throughout  all  or  a portion  of  the  ABCD  region  including 
the  entrance  boundary*,  but  zero  elsewhere  and  at  the  exit  boundary  (we  shall 
take  appropriate  averages),  we  see  that  (3.155)  reduces 


r 


I 


(^i 


ABCD 


dn . 

....  du  = A°N. 
I I du  II 


ABCD 

Volume 


N.  + N. 

reaction  'exhaus 


= 6.025  X 10^^  W (gp§j  + g.Tl,  ) , 


photons 

sec 


(3. 156) 


where  6.023  x 10^^  gp,  W and  6.025  x 10^^  g.  W is  the  total  influx  of  unburned 

fuel  and  excitable  molecules  per  second.  Substituting  (3.156)  in  (3.149), 

using  the  relation  dA./dv  = ]^A°.(/.  /Av.  .)  b(v,v.  .,Av.  ,),  one  obtains:** 

I i ' U 'J  U U 


ABCD 


= 31.765  W V F 
(THz)  ' 


1 j ' U ' 


ij 

(THz) 


* ( 9f^1+ 91*^1  I ^ 


Watts 
star  • THz 


(3.  157) 


Equation  (3.157)  is  very  similar  to  (3.113)  except  for  the  parameters  5j  arid 
Tjj  which  we  shall  evaluate  next. 


'^’'Usually  most  chemical  reaction  represented  by  and  collisional  deceleration 
represented  by  T]|  take  place  in  the  air  shock  which  Is  rather  thin.  We  can 
thus  consider  this  as  a planar  source  region  which  feeds  excited  molecules  to 
the  ABCD  region  of  the  plume. 

••H^See  Volume  II  for  expressions  for  A°j  , b(v>v j ^,Av j j)  , etc. 
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One  can  visualize  the  ABCD  region  as  a rocket-following  chemical 


reactor  of  equivalent  aiameter  equivalent  length  L 


"ABCD 


to  which 


ambient  air  and  fuel  and  excitable  species  are  fed.  The  feed  rate  of  fuel 
and  excitables  is  of  course: 


d(Fuel)/dt  = gp  W , moles/sec 


(3.  158) 


d(Exci tables)/dt  = g.  W , moles/sec 


(3. 159) 


while  atmospheric  oxygen  and  nitrogen  are  supplied  at  rates  of  approximately: 


dCop 

dt 

d(Np 

dt 


0.2  V m D?) 
a a \ 4 a ' 

0.8  V (-y  0*) 
a a \ 4 a ' 


moles 
^ second 


moles 
’ second 


(3. 160) 


(3.  161) 


in  which: 

V = V (h)  = Effective  average  air  inflow  velocity  into 

d ci 

ABCD  region,  m/sec 

m = m (h)  = Molar  air  density,  moles/m’ 

d d 

D = D (h)  = Effective  air  inlet  diameter  of  ABCD  region,  m 
d 3 


We  shall  develop  expressions  for  V and  D later  on. 

3 3 


In  nearly  all  rocket  exhausts,  the  only  important  fractions  of 
unburned  fuel  are  Hg  and  CO,  at  mole  concentrations  of  gj^  and  moles/kgm. 
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The  chemical  combustion  reactions  which  these  species  can  undergo  when  mixed 
with  0^  are  listed  in  Tables  E-l  and  E-2  of  Appendix  E. 

From  Appendix  E we  find  that  the  number  of  excitable  molecules 
produced  in  the  ABCD  zone  due  to  AB  chemical  reaction  may  be  expressed  by: 


'A 


AB  reaction 


(3.  162) 


= Nrn  5 


CO  ^CO, 


(3. 163) 


AB  reaction 


f 


where  and 

’lolec’jles  to 
the  expressions: 


are  the  degrees  of  conversion  in  the  ABCD  region  of  H„ 
2 ^ 
and  Co  molecules  to  CO^  respectively^  which  are  given  by 


» 


I 


(3. 164) 


(3. 165) 


Here  the  Heaviside  function  H(x)  is  defined  by: 


H(x)  = 1 , for  X > 0 (3. i66a) 

I 

H(x)  = 0 , for  X < 0 (3.166b) 
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and  according  to  the  analysis  given  In  Appendix  E we  have: 


/ \ D V 

\ ^ a / 1000  W 


I + 


(3.  167) 


13.64 


(i“i) 


Pa  ^ 

^a  a 

4 "a / 1000  W 


I + 


P V 
a a 

1000  w 


(3.  168) 


13.64 
9 CO 


P V 
*^a  a 

1000  W 


I + 


P V 
a a 

1000  C/ 


(3.  169) 


In  Eqs.  (3.167)  through  (3.169)  we  have: 


V 

a 


W 


' ^CO 


Effective  air  flow  velocity  Into  plume,  m/sec 

Air  density,  gm/m’ 

Rocket  mass  expulsion  rate,  kgs/sec 

Concentration  of  H2  and  CO  in  rocket  exhaust 
at  the  nozzle  exit,  moles  per  kgm 


f 


Other  parameters  are  as  defined  before. 


Of  the  AB  reaction-produced  molecules  given  by  (3.162)  and  (3.163), 

the  number  that  are  In  excited  states  with  energy  In  a freely  radiating 

^ 1 

gas  Is  according  to  Eq.  (3.97J)  given  by: 


reaction 


(3. 170) 


A 
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He-'e  X stands  for  H2O  or  CO2  and  F for  or  CO  respectively.  Comparison 
with  (3.156)  shows  that: 

where: 

= Mean  temperature  in  ABCD  reaction  region,  °K 

= Excitation  level  5 in  molecule  X from  which 
' emissions  occur.  Joules 

k = Boltzmann's  constant  = 1.3804  x 10  Joules/®K 


The  number  of  CD-produced  excited  molecules  X.  is  of  course  also 
related  by  the  Boltzmann  factor  to  the  number  of  unexcited  molecules  X in  the 
ABCD  region.  Thus  Tlj  in  Eqs.  (3.156)  and  (3.157)  is  simply: 


Tl,  = exp 


-fe) 


(3.  172) 


Equation  (3.171)  can  therefore  also  be  written: 


?l  = 5x  Tl, 


(3. 173) 


by; 


The  ABCD-produced  temperature  T^  in  the  ABCD  region  may  be  expressed 

T = T,  + AT*.  ♦ AT„  (3.174) 

r mix  AB  CD 


163 


FTO-CW-01-01-74 
Vol.  I. 


June  1974 


Here: 


mix 


. C T.  + N C T 
exh  e 0,  a a a 

N . C + N C 
exh  e a a 


\ ^/e 


(3. 175) 


I + p< 


a/e 


and  and  are  the  average  temperature  rises  in  the  ABCD  region  due 

to  liberated  heat  from  afterburning  and  collisional  deceleration.  In  (3.175), 
and  Tq^  are  the  air  and  exhaust  temperatures  (°K)  prior  to  entrance  of  the 
air  and  the  exhaust  into  the  ABCD  region,  while  C , N and  C , N , are 
the  molecular  heat  capacity  and  total  number  of  air  and  exhaust  molecules 
respectively  in  the  ABCD  region.  The  "mixing  ratio"  p , in  (3.175)  is  given 

d / G 
by: 


a/e 


C N 
a a 

C N . 
8 exh 


fti 


exh 


(3. 176) 


The  second  approximation  in  (3.176)  is  usually  good  since  C w C . 

The  temperature  Tq^  in  (3.175)  must  have  a value  somewhere  between 
the  exit  temperature  T^  and  the  temperature  corresponding  to  complete 

adiabatic  isentropic  expansion  of  the  jet  to  the  ambient  air  pressure  p , 

d 

given  by: 


(3.  177) 


The  actual  expansion  of  the  Jet  to  ambient  pressures  is  not  guile  adiabatic 

since  Mach  Core  radiation  occurs.  To  correct  for  this  we  multiply  t by 

Gxn 

IM 
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a radiative  correction  factor  (to  be  discussed  below)  and  obtain  the 
corrected  temperature: 


^exh 


(3. 178) 


The  exhaust  velocity  at  the  expansion  point  where  the  gas  has  reached 
temperature  T and  pressure  p is  then: 


\ "exh  ' '2’ 


, m/sec 


3.177)  through  (3.179);  we  have: 


= Rocket  combustion  chamber  temperature,  °K 


= Rocket  chamber  pressure,  bars 


= AiTiulent  air  pressure,  bars 


= c /c  = Ratio  of  specific  heats  and  constant 
P V 

pressure  and  constant  volume  of  exhaust  gas  1.24 
Mean  molecular  weight  of  exhaust,  grams/mole  (=  a.m.u.) 
= '/ilT  = I0“*  (2x  8.317  X 10’)'^^  - 128.973  m/sec 
Gas  constant  = 8.317  x lO’  , ergs  • (l^*)  * mole  * 
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By  using  and  instead  of  and  in  Rqs.  (3. 177)  and  (3. 178), 
these  relations  are  applicable  also  at  near-the-ground  altitudes  where  tie 
design  nozzle  exit  pressure  p^  = p^  is  lower  than  the  ambient  air  pressure 
p^  and  the  design  exit  velocity  value  is  higher  than  as  given  by 

(3.179).  The  exhaust  simply  expands  to  the  ambient  pressure  p in  the  nozzle 

d 

at  these  lower  altitudes  and  then  separates  from  the  nozzle  at  some  point 
upstream  before  it  reaches  the  exit  plane,  thus  not  utilizing  a portion  of 
the  nozzle. 

Clearly  the  average  exhaust  gas  temperature:  Tq  just  before  it 
enters  the  mixing  region  has  a value  less  than  but  larger  than  . We 
shall  delay  the  evaluation  of  an  expression  for  until  later,  after  we  first 
complete  the  derivation  of  relations  for  the  other  temperature-effecting 
contributions  in  Eq.  (3.175). 

The  parameter  in  Eqs . (3.178)  and  (3.179)  is  equal  to  the 
fraction  of  the  total  exhaust  gas  energy  not  lost  by  radiation  from  the 
Mach  Core.  From  an  energy  balance  we  obtain  for  the  radiative  correction 
factor  : 


. _ ^ - PCORE 

^ " W H(T  ) 


^CORE 
W H(T^) 


(3. 180) 


where  h(T^)  is  the  enthalpy  in  Joules  per  kilogram  of  the  exhaust  gas  in 
the  nozzle  exit  plane  and  is  the  total  radiation  (Watts)  ee*itted  from 

the  Hach  Core.  Now  for  nearly  all  rockets  the  CORE  radiation  is  in  the 

due  CO  vibrational  transitions.  Thus  Cq.  (3. I02'  applies,  and: 

lee 


infrared  and 
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! Bl 


dv  = 3.9917  X I 


o-'°  u 2 


g.  V. 

I I 


(3.  18  1)^^ 


where  we  assumed  T^j  = 0 for  convenience.  In  obtaining  (3.18  1)  from  (3.  I I I) 
we  used  the  relation  (see  Vol.  II,,  Rocket  Radiation  Handbook): 


b(v,v.j,Av.j) 


dv  = Vjj  « V. 


(3.  182)^ 


The  enthalpy  H(T  ) in  (3.180)  can  be  approximated  by  (Ref.  33): 


^^'''e^  = ^e  ■'‘e  Ssi  ’ Joules/kgm  , 


(3.  183) 


where: 


= Degrees  of  freedom  of  molecular  species  i 
R = Gas  constant  = 8.3  i7  Joules  • °K  * • mole 


With  (3.183)  and  (3.I8I)  substituted  in  (3.180)  and  using  the 


relation  v.  = cA,  , then; 
» i 


* We  have  neglected  the  V-V  transfer  correction  term  in  (3.I81). 

result  V.  . V.  only  applies  to  vibrational  transitions  of  course. 
• J 


167 


FTD-CW-01“01-‘A 
Vol.  I. 


0^  I - 14,338.5 


{exp(hv,/kTg)  - 1}  " '[  I ‘ exp-(T,^/T. )] 

t“'  . -J ! 


I 


where  X. is  in  p.m  and  the  summation  over  i is  over  the  various  normal 
vibrations  v.  of  the  exhaust  molecules  X.  The  degrees  of  freedom  0.  for 
diatomic  molecules  such  as  OH,  CO,  etc.,  is  0.  sa  5,  while  for  the  triatomic 
molecules  HgO  and  CO2  , 0.  « 7. 

Equation  (3.184)  can  be  written  in  a more  compact  form  by  defining: 


14,388.5 

"e  M 

("K)  (p,m) 


' 


g,  n - exp 


■(^)h 


!exp(q.)  - I 


Note  from  Eq.  (3.  186)  that  -»  I,  if  -►  0 which  occurs  at  high 
altitudes  where  p^  -•  0.  It  might  appear  at  first  that  8^  could  become  neg- 
ative if  However  qj  also  appears  in  the  exponential  and  the  factor 
[q./(exp(qj)-0]  can  never  be  larger  than  I.  Therefore  8^^  can  never  become 
negative  for  any  combination  of  values  of  T^  and  Xj  . 

Returning  to  the  mixing  defined  by  Eq.  (3.176),  let  us 
next  find  relations  for  N.  and  N . for  the  ABCD  mixing  -eglon.  Referring 
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» 


t 


to  Figure  3-13,  the  question  requiring  an  answer  is  what  molar  ratio  of  air 
to  exhaust  exists  for  the  mixed  gas  flowing  through  the  plane  B-B  . At  the 
lower  altitudes  the  rocket's  velocity  Is  less  than  the  average  jet  exhaust 
velocity  along  the  rocket  trajectory,  so  that  the  velocity  of  air  relative 
to  the  initial  portion  of  the  jet  ~ ^ which  is  away  from  the  jet  in 

the  forwards  direction,  as  Illustrated  In  case  (a)  of  Figure  3-13.  At  higher 
latitudes  however,  the  air  velocity  relative  to  the  jet  equals  \l^  - 

and  is  in  the  rearward  direction  relative  to  the  jet,  as  shown  in  Figure  3-13, 
case  (b).  However  for  both  cases  (a)  and  (b),  the  turbulent  inward  diffusion 
process  is  only  a function  of  the  absolute  value  of  V|^  that  is  of  | V|^|  = 

^ |v  - V = I V - V I.  The  same  degree  of  turbulence  results  whether  the 

shear  stresses  in  the  exhaust/aIr  Interface  are  in  one  direction  or  in  the 
other. 

In  Appendix  D it  is  shown  that  the  number  of  air  molecules  that 

have  diffused  inward  into  the  plume  over  a distance  1.^  ~ that  is  in  the 

region  prior  to  plane  B-B%  is  given  by: 


N = 0.98  m,  n a*  z-  = 0.98  m^  n a*  t,  , moles 

a lef  leMf 


(3.  187) 


Here  t^  is  the  time  of  travel  required  for  the  air  to  penetrate  to  the  center 
of  the  plume  and  z^  is  (see  Appendix  B): 


- ''Mt, 


vl 

42) 


m 


(3.  188) 


*We  are  calculating  here  an  average  mixing  ratio  for  the  ABCD  region  of  the 
plume.  Actually  the  mixing  ratio  varies  axially  of  course,  and  at  large  dis- 
tances from  the  nozzle  exit  where  the  exhaust  gases  have  come  to  rest  with 
respect  to  the  atmosphere  (i.e..  In  the  exhaust  "cloud")  p.  . -•  <»  as  t -«  «. 

3/ 3 
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is  the  average  bulk  velocity  of  the  exhaust  in  the  core  given  by 
Eq.  (3.147)  and  is  the  average  radius  of  the  plume  (see  Appendix  D)  whirh 
can  be  approximated  by: 


a 

e 


D + D 
e 


4 


m 


(3. 189) 


Here  D is  the  nozzle  exit  diameter,  as  before,  and  D.  is  the  diameter  of 
e ' h 

the  fully  expanded  plume  (see  below).  The  parameter  mj  in  (3.187)  is  the 
molar  density  (moles/m^)  of  air  at  the  pure  air/plume  interface. 


The  amount  of  exhaust  gas  in  the  region  prior  to  plane  B-B'  is 

given  by: 


exh 


1000  W 
M 


^f  = 


~ D*  V t , m , moles 
4 e e f e ' 


(3. 190) 


where  m^  is  the  molar  density  (moles/m®)  of  the  exhaust  in  the  nozzle  exit 
plane.  Then  the  average  air/exhaust  mixing  ratio  p . is  given  by: 


a/e 


exh 


The  moiar  densities  mj  and  m^  are  given  by: 


(3.  191) 


m 


I 


1000  Pj 
0.08317  Tj 


moles 


m'' 


(3. 192a) 


1000  p , 

'^e  moles 

"’e  " 0.08317  T ^ -.3 

e ni 


(3. 192b) 
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Here  Pj  and  Tj  are  the  pressure  and  temperature  in  the  air/plume  interface 
layer.  Now  Pj  = p^  is  a good  approximation,  but  ^ fact 

Tj  ^^exh  ^e  ^ reasonable  approximation  since  the  air  is  heated 

in  the  interface  region.  With  these  assumptions  (pj  = p^;  Tj  = T^)  then, 
the  mixing  ratio  becomes  (setting  the  factor  0.98  « l): 


°e  - ‘^h  I 


1 i±-lL 
4 P. 


Y 


In  the  second  part  of  (3.193),  the  expression  for  the  fully 
expanded  exhaust  flow  diameter  is  written  out  which  can  be  shown  to 
equal  (see  Vol.  IV): 


d 

“m  exh 


(3.  194; 


Here  given  by  Eq.  (3.186)  is  the  correction  factor  to  account  for  radiation 
losses  from  the  core  for  the  otherwise  adlabatical ly  expanding  jet. 
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Here  and  are  the  pressure  and  temperature  in  the  alr/plume  interface 
layer.  Now  pj  = p^  Is  a good  approximation,  but  Tj  . In  fact  according 
to  Eq.  (3.142c),  Tj  « Is  a more  reasornble  estimate  for 

the  Interface  region.  With  these  assumptions  (p.  »p  ; T»»T  (p  /p 
the  mixing  ratio  becomes  (setting  tha  factor  0.98  m I): 


In  the  second  part  of  (3.193),  the  expression  for  the  fully 
expanded  exhaust  flow  diameter  )s  written  out  which  can  be  shown  to 
equal  (see  Vol.  IV): 


Here  given  by  Eq.  (3.186)  is  the  correction  factor  to  account  for  radiation 
losses  from  the  core  for  the  otherwise  adiebatieai 1y  expanding  jet. 

♦ 72  ' 
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If  we  assume  Eq.  (3. 147}  for  , the  mixing  ratio  expression 
(3.193)  can  be  expressed  finally  In  the  form: 


(3. I9S) 

Here  p^  and  p^  are  the  ambient  air  and  nozzle  exit  plane  preeeuree,  and  we 
used  Eq.  (3.116)  for  In  the  expression  for  9^. 

Equation  (3.195)  still  contains  one  difficulty  In  that  the 
pressure,  temperature,  and  velocity  in  the  nozzle  exit  plane, 

are  con/tant  and  equal  to  the  design  value  only  as  long  as  < p^  . If 
p > p , which  occurs  usually  at.  rochet  launch  altitudes  ( hat  is  near  the 
ground),  the  exhaust  will  separate  froai  the  nozzlq  wall  upstream  from  the 
exit  plane  (overexpanded  nozzle  case).  In  this  ca^e  *Fe 

different  from  the  nozzle  design  values  Pg  » • To  account  for 

this  situation,  we  therefore  must  write: 

Pg  - Pp  *KPg«  p,)  + Pg  M(p^  - P^)  , bare  (3.  IM) 
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If  we  assume  Eq.  (3.147)  for  , the  mixing  ratio  expression 
(3. 193)  can  be  expressed  finally  in  the  form: 


195) 


Here  p and  p are  the  ambient  air  and  nozzle  exit  plane  pressures,  and  we 

a G 

used  Eq,  (3.116)  for  in  the  expression  for  Vj^. 

Equation  (3.195)  still  contains  one  difficulty  in  that  the 
pressure,  temperature,  and  velocity  in  the  nozzle  exit  plane,  p , T , and 
V are  constant  and  equal  to  the  design  value  only  as  long  as  p < p . If 
p_  > p^  , which  occurs  usually  at  rocket  launch  altitudes  (that  is  near  the 
ground),  the  exhaust  will  separate  from  the  nozzle  wall  upstream  from  the 
exit  plane  (overexpanded  nozzle  case).  In  this  case  p > T , and  V are 

G G G 

different  fror  the  nozzle  design  values  p , T , and  V . To  account  for 

o o o 

this  situation,  we  therefore  must  write: 


Pe  “ Pq  ”^Po"  Pa^  Pa  "^P.  ’ Pq^  ^ 


(3. 196) 
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T 

e 


V 

e 


T 

o 


hCp^-Pq) 


+ 


V 

o 


(3. 197) 


1/2 

■ ' m/sec 

(3. 198) 


m/sec 


(3. 199) 


Here  p^  and  are  the  rocket  combustion  chamber  (static)  pressure  and 
temperature,  M and  v are  the  molecular  weight  (grammoles)  and  specific  heat 
ratio  of  the  exhaust  gas. 


Thus  by  using  p , T , and  V as  defined  by  (3.196)  through  (3.199) 

0 0 0 

in  Eq.  (3.193)  or  Eq.  (3.195),  a satisfactory  expression  for  the  mixing  ratio 
results.  Of  course  p , T , and  V are  simply  equal  to  the  design  values  p , 

0 0 0 O 

T , and  V at  the  higher  altitudes  where  p < p . 
o ' o ^ '^a  '^o 


Having  evaluated  the  parameters  necessary  to  calculate  T^j^  via 
Eq.  (3.175),  we  next  calculate  the  temperature  Increments  and  due 

to  afterburning  and  collisionai  deceleration.  We  must  have  from  a simple  heat 
balance  that: 


LT 


^CO  ^CO  ^^Coj^exh 


AB 


N . C + N C 
exh  e a a 


'e* 


H«0  ^CO  ^CO.,  ^CO 


I + a 


(3.200) 


a/e 
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r 


I 


I 


» 


Here: 


Vco 


Mole  fractions  of  H2  and  CO  respectively 
>n  the  exhaust  in  the  nozzle  exit  plane 


^e"l000 


(3.201) 


Vco 


- ^co 
Mooo- 


(3.202) 


' ^CO 


Holes  of  and  CO  per  kilogram  of  exhaust 
gas 


Degree  of  completion  of  combustion  of 
-•  H2O  and  CO  -♦  CO2  respectively  given 
by  Eqs.  (3. 164)  and  (3. 165) 


’ ^^CO  ” combustion  of  H2  -♦  H2O  and  CO  -*  CO2 

^ reactions,  Joules  ' mole"* 

C , C = Specific  heat  (constant  pressure)  of  exhaust 

and  air  respectively,  Joules  • mole"* 


The  measured  heats  of  combustion  for  the  gaseous  reactions 

Hr,  + T Oo  -•  H-O  and  CO  + t 0-  -*  CO.  are  AHy  = 285,000  Joules/mole  and 
c c c c c c c 

AHj,q  = 281,000  Joules/mole  respectively,  while  the  specific  .leat  for  most 
exhausts  that  are  rich  in  HgO  and  CO2  is  « 34.1  Joules  mole  * • °K  * . 
Substituting  these  values  In  (3.200)  gives: 


8.3578  R /dH  n + 0.986 


(AT) 


AB 


I + p< 


9C0  ^002) 


(3.203) 


a/e 


'5 
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Turning  next  to  the  temperature  rise  I'rom  collisional  acceleration, 
we  have  if  we  assume  that  the  relative  dynamic  energy  between  the  plume  and 
ambient  air  along  the  trajectory  Is  converted  adiabatical  ly  to  heat  (tliat  is 


(at) 


CD 


^CD  ^e  ^xh 

M , + N 
exh  a 


+ 2 Vy  V(^  cos(e-tp)  + cos*(e-9)  j , "k  , (3.204) 


where  the  factor  Xqq  'S  given  by: 


60.  12  X 10’*  (*^)  ’ 


° K mole 
g • m* 


(3.205) 


and  where: 

= Average  mass  of  exhaust  molecules,  grams  per  mole  {-  a.m.u.) 

V = Rocket  vehicle  velocity,  m/sec 

V 

Vq  = Average  velocity  of  the  exhaust  in  the  ABCD  region  relative 
to  the  rocket  vehicle,  m/sec 

0 = Angle  between  rocket  thrust  direction  and  direction  of 

motion  of  rocket,  degrees 

cp  = Jet  flare  angle,  degrees 

V = c /c  = Specific  heat  ratio  of  the  exhaust/air  mixture 

r p V ^ 


“ I - 

*The  dynamic  energy  component  in  the  radial  direction,  "2  '^y  ^ 

consumed  by  the  work  needed  for  expansion  of  the  plume  from  pressure  p to 
ambient  pressure  p . 

a 
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In  Eq.  (3.?04)  we  generalized  the  relations  for  the  exhaust  velocity 
to  the  case  that  the  jet  axis  (or  rocket  thrust  direction)  does  not  coincide 
with  the  direction  of  motion  of  the  rocket  vehicle,  as  for  example  for  a 
vernier  engine  or  retro  thruster.  With  as  the  averaged  bulk  velocity  of 
the  exhaust  gas  in  the  ABCD  region  relative  to  the  rocket,  one  can  write  the 


relations: 

(V  - V ) = (v  + 

V X 'V 

cos(e-cp)) 

(3.206) 

V = 

X 

Vq  cos(tt  - 6+  cp)  - 

- cos (0-9) 

(3.207) 

V = 
y 

Vq  sin(TT-  G+  tp)  = 

- sin(e-9) 

(3.208) 

V*  + V*  = 
X y 

^0. 

(3.209) 

Here  is  the  overage  flare  angle  of  the  jet  and  0 is  the  angle  measured 
between  the  forwards  direction  of  motion  of  the  rocket  and  the  thrust  vector 
dl recti  on. 


For  a large  booster  rocket,  9 = 180®  of  course  and  Eqs.  (3.206) 
and  (3.208)  reduce  to: 


vj  = (V^-V^  coscp)* 


(3.2 10) 


V = sincp 
y 0,  ^ 


(3.211) 
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Equations  (3.2  10)  and  (3.2  I i)  usually  apply  to  most  cases  of  interest. 

For  diatomic  molecules  v = and  we  obtain  X,.-,  = 17.2 

Lu 

from  Eq.  (3.205),  while  for  y ^ ••25,  we  get  X(.[j  = 12  x lO"'^.  Since  most 
of  the  air/exhaust  mixing  region  contains  diatomic  molecules,  we  shall  take 
Xqd  17  X 10  ^ in  Eq.  (3.204)  and  thus: 


17  X 10 


AT 


M (V* 
e\  V 


cos(e-xp) 


cos^ 


(e-cp)) 


CD 


I > |X 


°K 


(3.212) 


a/e 


In  Eq.  (3.2  12),  and  Vq^  are  in  meters  per  second. 

Adding  the  contributions  (3.175),  (3.203),  and  (3.212)  we  can  write 
finally  for  the  total  temperature  in  the  mixing  region: 


It  remains  to  find  expressions  for  the  flare 

angle  cp  . From  a i;omparison  of  Eqs.  (3.160)  and  (3.161)  with  Eqs . (3.187) 
and  (3.190),  it  is  clear  that  we  may  write  for  the  air  inflow  into  the 
plume: 


■) 
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V = 0.98  Vw  . m/sec 

a n 


(3.21 


D + D. 

D = 2a  = - , m (3.2  1 

a e Z ' 

where  0^^  was  defined  by  Eq.  (3.194),  is  the  nozzle  exit  diameter,  and 
was  given  by  Eq.  (3.147).  With  these  definitions  for  V and  D , Eqs.  (3.167) 

d d 

through  (3.169)  can  be  written: 


Of  course  q and  5^.^  are  still  given  by  (3.164)  and  (3.165)  with  , 

and  given  by  (3.216)  through  (3.218).  That  Is: 


5u  n ~ 


t 


If 


(3.21 
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I 


(3.2 I9b) 


(3.220a) 

r 

(3.220b) 


In  Eqs.  (3.216)  through  (3.218)  we  used  the  relation: 


“ ^h  " ^h  ^ ^o 

^C02  " ^o  ^ ^o 

5c02  ^ ^ < ^o 


a/e 


1 000  C//M 


ll±^\(lL  D*) 

\ R / V ICOO  W / V4  3/ 


(3.22  I) 


Next,  expressions  for  and  cp  will  be  developed.  At  low 

altitudes  where  the  plume  exhibits  little  blossoming  ^ '^h 

That  is  the  average  velocity  of  the  exhaust  in  the  atmosphere  relative  to 

the  rocket  has  a value  between  that  at  the  nozzle  exit  and  the  value  attained 

at  the  point  where  it  is  fully  expanded  to  ambient  pressure.  However  at 

higher  altitudes  the  bulk  velocity  In  the  air  shock  region  (where  the  exhaust 

collides  with  atmospheric  air)  Is  no  longer  mostly  in  the  rearward  direction 

but  instead  it  is  sideways  due  to  the  flare-out  of  the  jet.  If  this  mean 

flare  angle  is  cp  in  the  air  shock  region,  then  V and  V are: 

X y 


where: 


coscp  , m/sec 


Vy  fta  sincp  , m/sec  , 


'^0  2 ^''e  ^ '^h^  ^ 


(3.222) 

(3.223) 

(3.224) 
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Here  was  given  by  Eq.  (j.179).  Though  a coarse  approximation,  we  shaii 
assume  the  simple  average  expressed  by  Eq.  (3.224)  for  the  velocity  \l^  in 
the  ABCD  region  in  what  follows. 

Turning  next  to  the  flare  angle  cp,  according  to  frictionless 
Eulerian  fluid  dynamics  (see  Vol.  IV),  there  is  a maximum  expansion  angle  for 
a supersonic  jet.  The  (approximate)  Prandtl-Meyer  theory  gives  for  this 
maximum  angle  of  the  bulk  fluid  flow; 


l^max j 


Prandt  1 
Meyer 


radians  , 


(3.225) 


which  for  typical  rockets  with  y - 1*25  yields  = 180  degrees.  Clearly 
this  result  is  unreasonable  and  counter  to  observations.  The  result  is  not 
completely  surprising  however  since  Eq.  (3.225),  which  is  based  on  Eulerian 
fluid  flow  theory,  does  not  account  for  molecular  diffusion  and  mixing 
effects . 

An  improved  method  (over  that  of  Prandt 1 and  Meyer)  for  the 
calculation  of  maximum  Jet  flare  angles  is  presented  in  Appendix  F.  It  is 
based  on  the  approximate  high-altitude  flow  theory  of  Hill  and  Draper  (see 
Vol.  IV).  The  hlgh-al tl tude  Hill-Draper  jet-flow  theory  Is  also  based  on 
Eulerian  frictionless  flow.  However  it  assumes  further  a Gaussian  exhaust- 
gas  density  distribution  (as  a function  of  the  polar  angle  about  the  jet  axis) 
for  gas  jots  that  discharge  into  a vacuum  or  very  thin  atmosphere.  This 
assumption,  though  somewhat  ad  hoc,  introduces  real  gas  behavior  (that  is 
some  of  the  molecular  nature  of  a gas)  into  the  otherwise  mathematically 
continuous  and  frictionless  fluid  postulated  by  the  Euler  equations. 
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The  expression  for  the  maximum  (high-ai t i tude)  jet  flare  angle 
(cpCD)j^gx  > based  on  the  Hi  11 -Draper  theory,  Is  given  by  (see  Appendix  F) 


(fco)  " 

1 - C (n  An  B)'^^l  , 

max 

. J 

where  Q is  the  Hill-Draper  parameter  given  by: 


In  the  above  relations,  the  nozzle  exit  diameter  D and  throat  diameter 
are  in  meters,  the  combustion  chamber  pressure  p^  and  nozzle  exit  plane 
pressure  p are  In  bars  and  the  combustion  chamber  temperature  T is  in 

0 C 

degrees  Kelvin. 


(3.226) 


(3.227) 


(3.228) 


(3.229) 
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t 


For  typical  booster  rockets  wi th  y = 1.25,  Q = 0.075,  and  B = 3000, 
we  find  from  Eq.  (3.226)  the  value  (cpco)  = 51.4  degrees.  This  result  is 
much  closer  to  the  observed  high-altitude  Jet  flare  angles  than  the  value 
cp^ax  ~ degrees  which  one  obtains  from  the  Prandtl-Meyer  equation  (3.225). 

Now  as  a roc.xst  moves  up  from  the  ground  into  the  upper  atmosphere, 
the  jet  expands  from  an  average  flare  angle  of  « 0 degrees  to  (^CD^max  ^ 

51.4  degrees.  To  obtain  a relation  giving  the  dependence  of  9 = with 
altitude,  we  shall  make  the  semi-empir ical  estimate: 


<P  «=  (-Pco) 


exp- 


max 


exh 


(3.230) 


I • 


Here  p^  Is  given  by  Eq.  (3.196).  Equation  (3.230)  shows  the  proper 
altitude-dependent  behavior  for  the  flare  angle.  For  (^^/^gxh^  which 

occurs  at  high  altitudes,  we  have: 


('  ■ Ch)  ” ('"'“Lx  ( ') 


(3.231) 


max 


which  gives  the  proper  scaling  since  9 -♦  0 if  = 0^  and  9 -♦  (900) 
when  . The  exponential  form  (3.230)  is  preferable  over  the  linear 
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form  (3.231)  however  since  it  prevents  the  angle  cp  from  going  negat.we  at 
very  low  (launch-point)  altitudes  where  < Dg  for  most  rockets. 

With  relation  (3.230),  all  parameters  except  in  cq.  (3.2  i3)  can 

now  be  completely  determined  from  the  basic  rocket  hardware  parameters,  the 

\ 

rocket's  flight  trajectory,  and  the  atmosphere* s^ressure  and  temperature 
behavior  with  altitude.  ^ 

I 

There  remains  still  one  problem  |.n  using  Eq.  (3.213)  for  all 
altitudes.  This  is  the  fact  that  as  a rocket  moves  into  the  vacuum  of  space, 
the  collisional  mean  free  path  becomes  infinite  so  that  the  region  in  which 
conversion  of  kinetic  energy  into  heat  takes  place  via  the  CD  process  becomes 
also  infinite  in  extent. 

In  deriving  expression  (3.213),  it  was  assumed  that  the  AB,  CD,  and 
mixing  exchange  processes  all  took  place  within  a relatively  confined  region, 
that  is  in  a thin  air  shock  and  sharp  afterburning  combustion  zone.  At  very 
high  altitudes,  this  assumption  is  no  longer  true  and  a thick  air  shock  and 
practically  no  combustion  exist.  Although  the  view  factor  (see  section 
3.3.9)  accounts  for  some  of  the  spreading  of  the  CD  source  energy  and  radia- 
tion as  the  effective  plume  length  Lp  -•  <»  (one  has  that  F^  -*  0,  for  Lp  -*  <») , 
at  near-vacuum  altitudes  we  have  to  further  correct  Eq.  (3.213)  and  allow  the 
(aT)j,jj  contribution  to  vanish  as  the  altitude  h -♦  ® (and  therefore  Lp  -♦  «) . 

The  reason  for  requiring  such  a correction  is  that  at  deep-space 
altitudes,  the  sum  of  the  CORE  and  ABCO  radiation  expressions  must  go  over 
into  the  expression  for  DSPR  radiation  developed  In  section  3.3.2.  Since  the 
CORE  region  becomes  rather  large  at  very  high  altitudes  where  p -«  0 (see  the 

Q 

discussion  following  Eq.  (3.145)),  most  of  the  molecules  relax  and  radiate 
within  the  CORE,  long  before  encountering  an  air  molecule  via  which  they 
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could  experience  CD  excitations.  Thus  essentially  the  CORE  radiation 

approaches  the  DSPR  radiation  and  the  temperature  of  molecules  entering 

the  CD  region  must  approach  the  value  wRen  » T.  . Further,  even 

after  n^'lecules  have  moved  beyond  the  undisturbed  core,  their  chance  of 

colliding  with  an  air  molecule  within  the  f ield-of-view  of  the  observer 

become  vanishingly  small  of  course  as  p -*  0.'**' 

d 


An  inspection  of  Eq.  (3.213)  shows  that  the  afterburning 
contributions  (5^  0 and  5qq  and  the  air  enthalpy  contributions 
to  the  effective  ABCD  zone  temperature  , vanish  as  p^  -*  0 as  they  should. 

The  two  remaining  terms  are  the  mean  exhaust  temperature  contribution  T^ 
which,  as  stated,  should  approach  the  value  Tj^  , and  the  CD  contribution 
^^CD  ~ ^ ^ ^e  ^'^v  ^ '^0,  which  should  vanish  as  p^  -♦  0.  i 

Now  in  the  formal  radiation  expressions  that  were  developed  in 
sections  3.3.2  and  3.3.3  two  temperatures  are  needed.  One  temperature,  say 
T|  , is  needed  to  represent  the  average  temperature  of  excited  source  molecules 
that  flow  through  an  imaginary  boundary  Into  a region  where  the  molecules  emit 
radiation,  while  the  second  temperature,  say  Tg  , represents  the  average  tem- 
perature in  the  radiating  region.  Since  radiation  means  a drop  in  temperature 
we  have  always  that  T2  < Tj  . The  temperature  T|  is  needed  in  the  Boltzmann 
population  factors  exp-[e ./(kT)3  used  in  the  radiation  equations,  while  T2  is 

required  in  the  expressions  for  the  band-width  function  4v  . For  the  DSPR 

mn 

case  we  had: 


(T,\  = T 

' ' 'DSPR  ® 


(3.232) 


''t^Theoretical  1y  ail  kinetic  energy  of  the  exhaust  relative  to  the  atmosphere 
is  ultimately  converted  to  heat  and  radiation  and  could  be  observed  If  the 
f ield-of-vlew  were  large  enough,  and  as  long  as  p ^ 0. 
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(t  ) = T « I T , 

' ^ DSPR  ^ ^ 


(3.233) 


while  for  CORE  radiation  we  had: 


= T 


CORE 


(3.234) 


(^2) 


CORE 


“ 3 3 ^exh 


(3.235) 


To  assure  that  -•  at  altitudes  where  becomes  very  large 
compared  to  T|  > and  to  account  for  the  fact  that  ^^2  shall  therefore 

make  the  following  estimates  for  (Tq)  | and  (1(^)2: 


(\).  = i^h*3 


T. 


e T„  + T. 


+ T 


h + Ti 


, °K 


(3.236) 


I , , I 


" 2 ''’h  ^ 2 


e T„  + Ti 


+ T 


h T„  + Ti 


, °K 


(3.237) 


Here  T|^  was  given  by  Eq.  (3.140),  and  Tj^  by  Eq.  (3.178). 

Adjusting  further  the  AT^.^  term  so  it  vanishes  at  high  altitudes, 
we  shal 1 write  it  as; 


AT^,  = 17  X 10 


[v^  + Vq  cos(9-<p)]  , °K  , (3.238) 


where  for  TTO  and  ICO  observations  respectively: 
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1- 

1- 

a 

•_> 

\ i 1 

‘s 

"CO  ' ^ ''v  '^CD^'^s 

*^co)ico' 

D 

s 

^CD  1 + ^CD'^'^s 

(3.231 


Here  is  the  rocket  vehicle  velocity  (m/sec),  is  the  sensor's  field- 
of-view  diameter  (m)  at  the  plurne^  and  Tqq  is  the  mean  time  (sec)  and  Xj.|j 
the  mean  path  (m)  between  collisions  for  an  air  molecule  that  penetrates  the 
plume.  The  latter  parameters  can  be  shown  to  equal: 


r 


CD 


= ''a  "a  Vx] 


= 3.456  X 10 


-9  / \ 

° (m/seo; 


- 1 


sec 


(3.2i 


1 

(-3  Vx)'' = 

T3  (°i0  \ 

1 , m 

[Pq  (bars)^ 

(3.2 


Here  n.  Is  the  molecular  density  of  air  and  Is  the  average  microscopic 

collision  cross-section  between  exhaust  and  air  molecules  which  is  taken  as 
* « 16  X lO"  m*  (see  Table  3-l)  for  the  high  altitudes  where 

air  is  partially  dissociated. 

'■v| 
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The  factor  f gives  the  probability  that  a collision  can  occur 

(and  thus  be  created)  during  a sensor's  time  of  observation  j of  the 

' cu  ^ 

plume  (t  D /V  ) and/or  in  its  f leld-of-view  diameter  D . 

S S V ^ 

With  the  above  f*nal  adjustments,  we  obtain: 


^ = [(  ' * “a/,)  % ]■'•  [^/e^  * i \ * f 1^. 


8.3578  + 0.986 


^ cos(e-9)) 


8.3578  + 0,986  g^.^  j j 


Here  p , is  the  mixing  ratio  given  by  Eq.  (3.195);  T is  the  ambient 

d/ G d 

air  temperature  (°K);  T is  the  exhaust  temperature  in  the  rocket  nozzie  exit 
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f-. 


f 


plane;  is  the  fully  expanded  exhaust  temperature  given  by  Eq.  (3.178); 

is  the  rocket  vehicle  velocity  (m/sec)^  \l^  is  the  exhaust  velocity  given 
by  (3.224)  in  m/sec;  q and  5^.^  are  given  by  (3.216)  through  (3.220); 

6 Is  the  thrust  vector  angle;  <p  Is  the  jet  flare  angle;  is  the  mean 
nK)le..ular  weight  of  the  exhaust  (grams/mole);  and  g^  and  g^.^  are  the  moles 
per  kilogram  of  and  CO  that  exit  from  the  nozzle  Into  the  atmosphere. 

Returning  to  Eq.  (3.157),  and  using  Eqs.  (3.171),  (3.172),  (3.173), 
(3.242),  and  (3.243),  one  obtains  the  following  relation  for  ABCD  radiation: 


(3.244) 


Here  ^v, , = ^v,,(T  0,)  and  exp-{c,/(kT  0,)}  are  the  band-spread  and  Boltzmann 
factor  which  must  be  evaluated  respectively  at  T = (T^)^  = ^a®2  * 

T = (T^)  I “•  0|  . The  parameter  gj  gives  the  moles  per  kilogram  of  the 

various  species  X with  excitable  levels  I In  the  exhaust,  augmented  by  any 
H2O  and  CO^  that  is  formed  in  the  AB  process  and  depleted  by  and  CO 
consumed  In  the  same  AB  process.  That  is: 


/ 1 y H2O  ; \ ^ H2\ 

\ I y COg  ; i y CO/  (3.245a) 


f 
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H i - H^O)  " 

^ 9H2  'h^O 

(3.245b) 

^(i  = COj)  " 

^C02 

(3.245c) 

( 

' ■ ^H^o) 

(3.245d) 

9(i  = C0)  " 

^CO  ( 

' ■ ^COg) 

(3.245e) 

Rewriting  (3.244)  in  terms  of  wavelengths  X instead  of  v , one  has 

V-' 

al ternat i vely: 
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' for  i = (3.247c) 

ij  -9co  (3,247d) 

^It . = 0 , for  all  other  i (3.247e) 

In  Eqs.  (3.244)  and  (3.246),  the  parameters  Tr(X,S)  and  ore  the  atmospheric 
transmission  and  view  factor  as  discussed  before  in  sections  3.3.2  and  3.3.3. 

Although  the  final  relations  (3.244)  and  (3.246)  for  ABCD  radiation 
contain  a number  of  approximating  assumptions,  they  have  the  advantage  of 
showing  directly  how  the  radiation  depends  on  such  parameters  as  ^.Uitude, 
exit  temperaturis,  etc.  The  same  comments  that  were  given  in  the  last  para- 
graph of  section  3.3.3  For  Mach  or  Core  radiation,  also  apply  to  the  ABCD 
radiation  formulas  developed  above. 


3.3.5  Atmospheric  Pumping  Radiation  (ATMP) 

Due  to  the  fact  that  atmospheric  temperatures  are  very  high  at 

high  altitudes  (see  Figure  2. 3a),  rocket  exhaust  molecules  will  get  repeatedly 

excited  vi brational ly  after  they  have  slowed  down  and  come  into  equilibrium 

with  the  atmosphere.  In  this  "cloud"  region,  the  exhaust  gas  has  reached 

pressure  p and  temperature  T . This  repetitive  excitation  phenomena, 
a a 

called  "atmospheric  pumping"  Is  important  only  at  high  altitudes  (h  ^ 90  km), 
where  the  atmospheric  temperature  is  high  enough  to  i.nduce  vibrational  exci- 
tation in  molecules.  Because  atmospheric  pumping  occurs  only  at  high  alti- 
tudes, we  do  not  have  to  consider  reabsorptions  and  photon  escape  probabilities 
(see  Vol.  Ill),  and  can  consider  the  exhaust  cloud  to  be  optically  thin. 


191 


rro-cw-01 -oi -74 

Vol.  I. 


June  1 974 


The  collision  rate  between  exhaust  and  air  molecules  per  unit 
volume  is  given  by: 


dt  d(Vol) 


'^a/X  '^a/X 


n (hj 

C3 


col  1 i s i ons 
sec  • m® 


(3.248) 


where  ny  is  the  molecular  density  of  exhaust  species  X,  n (h)  is  the 
atmospheric  molecular  density  in  mo1ecu1es/m^,  and  is  the  total  micro- 

scopic cross-section  for  momentum  and  energy  exchanging  collisions  between 
a!:-  and  exhaust  molecules  in  m* . The  mean  velocity  v ,y  (m/sec)  is  given  by: 

3/ A 


(3. 2.^9) 


in  which: 

= Molecular  weight  of  exhaust  species  X,  a. m u. 
T = T (h)  = Kinetic  temperature  of  atmosphere,  °K 

3 d 

M = Molecular  weight  of  air,  a.m.u. 

3 


M = 28.8  , a.m.u. 

3 


, for  0 < h i 100  km  (3.250a) 


M = 28.8  (l.lOO  - 0.001  h)  , a.m.u.  , for  100  < h ^ 400  km  (3.250b) 


M^  = 40.93  - 7.50  X I0“^  h+  5.77  x lO"^  h*  , a.m.u.  , 

for  400  < h s 600  km  (3.250c) 
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M - 20.23  - 5.80  x I0‘^  h , a.m.u.  , for  600  < h s:  988  kir  (3.250d) 

3 

M = 14.4  , a.m.u.  , for  988  < h s m km  (3.250e) 

3 


The  cross-section 


in  (3.248)  may  be  expressed  by: 


> 


“a/x'  2 


_("c)/  K)J 


m 


(3.25  1) 


Here  d is  the  diameter  of  molecule  m (m=a,X).  In  Table  3-1,  measured 

values  of  a and  (ct_)  for  some  selected  molecules  are  listed, 
m m 


If  the  probability  of  exciting  vibrational  level  i during  a 
collision  is  designated  by  p^.  , the  number  of  i-exciting  collisions  is 
given  by: 


dt  d(Vcl) 


Vx  ‘^a/X  Pol  "X 


excitations 
sec  • m® 


(3.252) 


Similarly  if  the  probability  of  deexciting  an  excited  level  i during  a 
collision  is  p^.  , the  number  of  i-deexciting  collisions  is  given  by: 

deexcl tat  Ions 
sec  • m’ 

(3.253) 

Here  A°.  Is  the  total  spontaneous  photon  emission  rate  (sec  *)  for  state  1 
(see  Vol.  II),  and  (n^) ^ Is  the  density  of  excited  exhaust  molecules. 


d'N 


oi 


dt  d(Vol) 


- -,  A®  + V 


a/e  ”a/X 


Pio  (") 
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Now  according  to  statistical  mechanics,  one  has  (see  section  5.3, 

Voi.  II): 


w, 

I 


exp-(e./kT  ) 

I O 


z 


V 


'i  [ui 


(3.254) 


Here  w.  and  e.  are  the  weight  and  energy  of  levei  i,  and  the  product  is  over 
ail  the  norma i vibrations  a of  the  molecule.  Then  if  we  define  the  collisional 
deexcitation  cross-section  by: 


" P|0  ‘^a/X  ' 


(3.255) 


and  use  the  steady-state  condition  which  requires  that  the  excitation  rate 
equals  the  deexcitation  rate: 


d*N 


oi 


dt  d(Vol) 


d*N  . 

OI 

dt  d(Vol) 


(3.256) 


we 


can  solve  for  (o)()j  : 


’a/X  "X  ir  /'l  \1 

I -excited  molecules  X 


(3.257) 


The  radiant  Intensity  due  to  the  emission  of  photons  of  energy  hv 
Is  then  given  by: 
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d^J 


|_  dv  d(Vol), 


1 = (hv)(Tr(v))(-^)V'  — ("y)  = 0.5272  x lO' 

'■IaTMP  \4n/^  dv  ' 


10 


. V Tr(v)  F 
(THz) 


b(v,v.j,Av. J 


Av.  . 
'J(THz) 


’a/X 


Watts 


> 

THz  • ster . m 


3 


(3.258) 


Here  we  added  the  usual  atmospheric  transmission  factor  Tr(v)  and  view  factor 
F^/(4n),  and  we  made  use  of  the  relation  (see  Vol.  II): 


dA. 

^ 

dv 


(3.259) 


(3.260) 


The  total  radiant  intensity  dj/dv  from  a cloud  containing  exhaust  molecules 
is  of  course  also  given  by  (3.258)  with  substituted  by  . 

In  applied  rocket  radiation  observation  work,  one  needs  a relation 
for  in  terms  of  other  rocket  hardware  and  trajectory  parameters.  The 
amount  of  exhaust  deposited  in  the  atmosphere  by  a rocket  which  will  be  in 
the  f leld-of-view  of  a sensor,  is  given  by; 

Nj^  = J' d(Vol)  = 6.023  X 10*^  9x  % * molecules  , (3.26l) 

Vol 
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f 


where  for  TTO  (=  target  tracking  observations;  see  section  3.l): 


Tg  = t H(t^-t)  + t^  H(t-t^)  H(tjj-t)  + (t^+tj^-t)  H(tj^+t^-t)  H(t-tj^)  , sec 

(TTO) 

(3.262) 

and  for  ICO  (=  integrated  cloud  observations;  see  section  3.1): 


Tg  = t H(tjj-t)  + 
(ICO) 

tj^  H(t-t|^)  , sec 

the  Her  iside  unit  step 

function  defined  by  Eq.  ( 

D 

1 ^ 

S 0 . 

""s  V s in  a 

" V slna  " 

V 

V 

(3.263) 


(3.264) 


t,  = Rocket  burn  time,  sec 

D 

9 = Field-of-view  angle,  radians 

a = Angie  between  1 Ine-of-s ight  and  rocket  vehicle 
trajectory,  radians 

S = Distance  between  rocket  exhaust  cloud  and  sensor,  m 

D = Se  = Effective  diameter  of  sensor  f leld-of-view  at 
s 

the  cloud  target,  m 
V = Rocket  vehicle  velocity,  m/sec 

V ' 


With  Eq.  (3.261)  substituted  in  (3.258),  we  obtain  for  atmosphere-pumped 
exhaust  cloud  radiation: 
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The  kinetic  velocity  v ,w  in  (3.269)  is  given  by: 


, m/sec 


while  ~ which  was  given  by  Eq.  (3.251).  Thus  if  the  atnxjspheric 

molecular  density  n^(h)  is  known,  I obtained  from  (3.269).  The 

radiative  decay  time  t°  = (A®)  * can  be  obtained  from  the  tables  and  relations 
given  in  Volume  II  for  a particular  molecule  X and  excited  level  i. 

An  inspection  of  (3.265)  or  (3.266)  shows  that  the  two  most 

influential  altitude-dependent  parameters  in  these  relations  are  the  air 

density  n (h)  (which  enters  into  t.  via  Eq.  (3.269))  and  the  ambient  tem- 
a I* 

perature  T = T^(h).  Since  T^  increases  with  altitude,  one  can  expect  ATMP 

a o o 

radiation  to  increase  as  a rocket  rises  upwards  through  the  atmosphere.  At 

the  higher  altitudes  however  t,  “ since  n -♦  0 and  thus  ATMP  radiation 

I*  a 

will  rapidly  approach  zero  at  higher  altitudes.  Because  of  the  counteracting 
effects  of  T (h)  and  n (h)  with  altitude  h,  ATMP  radiation  goes  through  a 

Q fl 

peak  usually  at  altitudes  between  150  to  175  kilometers. 

Although  ATMP  radiation  Is  weak  compared  to  ABCD  and  ^ORE 
radiation  because  the  cloud  Is  more  diluted  than  the  plume,  it  has  persistence 
which  the  other  two  radiation  mechanisms  do  not  possess.  Thus  If  a rocket 
ceases  to  thrust  and  the  slowly  expanding  stationary  exhaust  cloud  is 
o.  served  that  was  left  in  the  atmosphere  by  the  rocket  (rather  than  following 
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the  moving  rocket),  one  would  observe  a slowly  decaying  weak  radiative  glow 
in  the  infrared  from  this  cloud.  The  water-band  radiation  from  these 
exhaust  clouds  should  be  very  similar  to  that  from  high-altitude  rainclouds, 
but  for  the  carbon-dioxide  emissions  there  would  be  no  comparable  nature- 
made  phenomenon  except  perhaps  the  high-altitude  clouds  produced  by  volcanic 
eruptions. 

If  an  exhaust  cloud  is  dumped  above  an  altitude  of  130  km  during 
daytime  so  that  it  is  illuminated  by  the  sun,  the  solar  UV  (see  section 
3.3.7)  will  dissociate  the  exhaust  molecules.  For  ICO  observations,  the 
parameter  t given  by  Eq.  (3.263)  must  be  replaced  in  this  case  by: 


>!•] 
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Here  Tw  is  the  photodissoclation  decay  time  for  exhaust  species  X (listed 
in  Table  3-7,  section  3.3.7)  and  was  defined  before  in  (3.264).  The 
time  t (seconds)  is  the  elapsed  time  since  rocket  burn  initiation,  and  tj^ 
(seconds)  is  the  rocket  burn  cutoff  time.  From  Table  3-7  one  finds  that 
most  common  exhaust  species  with  the  exception  of  COg  will  experience  sig- 
nificant photodissociation  under  solar  illumination  above  135  kilometers 
during  typical  observation  times.  Note  that  participates  in  the 
summation  over  species  X and  thus  over  i In  Eqs.  (3.265)  and  (3.266). 


3.3.6  Solar  Radiation  Scattering  by  Particles  (SOSP) 

The  incident  solar  spectrum  near  the  earth  was  shown  in  Figure  2-4 
(see  also  Figures  B-7  and  B-8  of  Appendix  B) . It  is  clear  that  the  illumi- 
nation levels  in  the  visible  are  high  and  that  space  clouds  and  plumes  can 
be  observed  If  the  cloud  scatters  or  reflects  the  radiation  significantly. 

As  mentioned  in  Chapter  2,  only  solar  photon  scattering  by 
particles  (if  present)  in  a rocket  plume  gives  significant  signals.  The 
Rayleigh  scattering  of  solar  radiation  by  gaseous  exhaust  molecules  is  so 
weak  that  it  can  hardly  be  observed  In  most  practical  cases  of  interest. 

The  question  of  whether  or  not  visible  scattered  radiation  can  be  observed 
thus  turns  to  whether  or  not  the  exhaust  has  solid  particles.  Solid  pro- 
pellants are  known  to  exhaust  mlcron-sIzed  particles  of  AX^Oj  ) and/or 

BeO  (see  Refs.  17,  18),  while  liquid  rocket  exhausts  may  sometimes  contain 
small  quantities  of  solid  carbon  or  soot.  In  addition  H^O  , which  is  present 
in  both  liquid  and  solid  rockets,  can  freeze  out  at  the  lower  altitudes 
• (0  h 94  km)  where  the  ambient  temperature  is  below  273  °K  (see  Fig.  2.5). 


^It  is  insignificant  also  when  compared  to  solar  ultraviolet  absorption  and 
reemisslon  In  the  visible  (to  be  discussed  In  section  3.3.7). 
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Aside  from  scattering,  at  altitudes  above  130  kilometers,  solar 
illumination  produces  also  visible  radiation  due  to  solar  ultraviolet  absorp- 
tion and  visible  reemission  by  exhaust  molecules  which  will  be  discussed  in 
section  3.3.7.  Whereas  the  latter  produces  visible  radiation  with  a spectrum 
that  is  characteristic  of  exhaust  molecules  and  their  dissociation  products, 
the  particle-scattered  solar  radiation  has  essentially  the  spectrum  of  the 
sun.  The  scattered  solar  spectrum  may  be  modified  slightly  due  to  Mie 
scattering  resonances  at  certain  wavelengths,  if  all  particles  were  spherical 
and  had  the  same  diameter.  Since  the  actual  particles  in  an  exhaust  cloud 
are  not  exactly  spherical  and  have  different  diameters,  the  spectrum-modifying 
effects  due  to  Mie  scattering  resonances  at  certain  wavelengths  of  the  solar 
spectrum  are  smoothed  out  considerably  and  hardly  noticeable. 

The  exospheric  solar  illumination  in  the  vicinity  of  the  earth  in 
the  visible  (VIS)  and  near- inf rared  (NIR)  part  of  the  spectrum  may  be 
approximated  by  the  expression: 


(VIS/NIR) 


8.20  X 10'* 


Watts 


> 2 f 

m • nm 


(3.273) 


where  \ is  the  solar  photon  wavelength  in  nanometers.*  The  visible  solar 
radiation  scattered  from  solid  exhaust  particles  of  a rocket  exhaust  is  then: 


( lartl 


cle-Scattered 
Solar  VIS/NIR 


8.20  X lO”  W T 
771  /2440\  T 

exn(--5— ) - I , H,  H, 


Watts 

* ster  • nm  * 


(3.274) 


* I nm  = I nanometer  = lO”  meters  = 10  Angstroms 
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where  W is  the  rocket's  mass  expulsion  rate  (kgm/sec),  \ Is  again  the 

wavelength  in  nm,  and  where  t.  Is  given  by  Eq.  (3.262)  or  (3.263)  presented 

in  the  previous  subsection  3.3.5.  The  parameter  a (0  ) is  the  mean 

p's 

I 

photon  scattering  cross-section  which  we  shall  discuss  further  below,  while 


the  specific  particle  production  factor  C • in  (3i274)  is  given  by: 

Pt 


in  which: 


10'* 


i 


particles  p. 
kgm 


(3.275) 


Moles  of  condensable  species  i in  exhaust,  moles/kgm 
Molecular  weight  of  condensable  species  i,  a.m.u. 
Density  of  solidified  species  i,  gms/cm® 

Mean  particle  size  of  species  i in  exhaust,  p.m 


The  wavelength-averaged  and  particle-size  averaged  scattering 

cross-section  for  visible  light  “a  (0./  (iti  units  of  m*  ster  ) for  the 

P, 

particles  of  species  i depends  on  the  mean  wavelength  \ , the  mean  particle 
size  dj  , the  chemical  nature  of  the  particle  Pj  , and  the  particle  surface 
quality.  This  cross-section  Is  furthermore  dependent  on  the  solar  photon 
scattering  angle  0 or  the  sun-cloud-observer  angle  T)  = tt  - 0 . 


The  most  Important  condensables  In  rocket  exhausts  are  H2O  and 
AAjOj  . For  HgO,  we  have  q ~ ’ gm/cm’  and  q = 18  a.m.u.,  so  that: 
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\o  '-'Ox 


, /_v\  _v 

\ / 


particles 

kgm 


(3.276) 


For  , we  have  q - 3.5  gms/cm’  and  = 102  a.m.u.,  so  that: 

2 3 2 3 


'^2°3 


2.91  X 10 'M--—- 
^2°3 


NL^O,  \ ^^2^3 


kgm 


(3.277) 


Then  Eq.  (3.274)  may  be  written; 


dX  / 


2.386  X 10*’  W T 

771  /2440\ 

X exp(-5^)  - 


Aji20j"  and  H20-Scattered 
Solar  Vis ible 


T 


\o 


Watts 
s ter  • nm 


(3.278) 


where  - ?j:|.(h)  is  the  mole  fraction  of  HgO  in  the  exhaust  that  has 
frozen  out. 


In  Figures  3-14  and  3-15,  the  dependences  of  Oj^ 

< 2 2 3 

are  shown  as  a function  of  incident  wavelength,  particle  size,  and  scattering 

angle  0 *,  Measurements  of  the^size  of  A£_0_  particles  produced  by  solid 

rockets  are  shown  in  Figures  3-16:  through  3-18.  One  finds  that  for  rockets 

^ i 

with  expansion  ratios  jr"  larger  jthan  I,  which  is  almost  always  the  case  of 

interest,  one  can  use  the  empirical  relation  (see  Figure  3-16); 

j 

*The  curves  show  an  index  of  refraction  for  Ajt203  of  ni=  2 (curves  with  m = 2 
were  readily  available),  whereas!  In  the  literature  a value  of  m « 1.67  is 
reported  for  Ai203.  Since  the  choss -sect Ions  are  subsequently  averaged 
anyway,  this  discrepancy  is  of  little  consequence. 
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A£,0  Spheres  (m=  2) 

HpO  Spheres  (m=  1.33) 

Si^OB 

TB 


0*  30*  60*  90*  120*  150*  180* 

Scatter ing  Angle  0^ 

NOTE:  • Solid  curves  are  fo 


■ 


0*  30*  60*  90*  120*  150*  180 

Scattering  Angle  B 


• Solid  curves  are  for  perpendicular  and  dashed  curves 
for  parallel  polarized  light. 

« Cross-section  for  natura'  light  is  a = j (o^  + cT||). 

• Ordinate  scales  are  logarithmic  and  one  division 
equals  a factor  of  10. 

• X = nd/\,  where  d - particle  diameter  and  \ = wavelength. 


FIGURE  3-15.  ANGULAR  DEPENDENCE  OF  AA2O3  AND  HgO  PARTICLE 
SCATTERING  CROSS-SECTIONS  (After  Ref.  4l) 


FIGURE  3-18.  AA^Oj  PARTICLE  SIZE  DATA  OBTAINED  FROM  SMALL  ROCKET  MOTORS 

(Adapted  from  Ref.  42) 
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12  D 


0.3 

^■(meters) 


p.m 


(3.279) 


where  d 


^2°3 


is  in  ^j.m  and  the  nozzle  throat  diameter  is  in  meters, 


Whereas  the  mean  diameter  for  ^2^3  P^f'ticles  is  independent  of 
altitude,  this  is  not  the  case  for  HjO.  The  average  diameter  d^  ^ depends 
on  altitude  (primarily  via  the  ambient  temperature)  and  on  the  presence  in 
the  exhaust  of  other  nucleating  particles  such  as  for  solid  rockets 

and  C (soot)  in  liquid-fueled  rocket  exhausts.  Similarly  the  freezing 
fraction  depends  on  the  altitude  and  the  presence  of  other  particles. 

In  general,  condensation  of  H2O  can  occur  only  at  altitudes  between  0 and 
94  kilometers  where  ambient  pressures  and  temperatures  favor  the  condensed 
state  of  H2O  (see  Figure  2-5).  If  conditions  are  favorable,  condensation 
occurs  several  kilometers  downstream  from  the  nozzle  exit  where  the  exhaust 
has  cooled  down  and  after  it  has  experienced  afterburning  and  collisional 
decel erat i on. 


If  A^20j  or  C particles  are  present  in  the  exhaust,  a good  portion 
of  the  H2O  will  freeze  out  on  these  particles,  particularly  at  the  higher 
altitudes  (68  ^ h ^ 94  km).  If  these  nucleating  particles  are  not  present, 
the  H2O  will  freeze  out  very  slowly  and  a good  fraction  will  remain  in  the 
vapor  form  because  of  expansion  and  diffusion  of  the  H2O  to  density  levels 
that  are  too  low  to  favor  condensation. 

At  altitudes  above  94  kilometers,  the  H2O  in  the  exhaust  will 
remain  in  the  vapor  state  due  to  the  vapor-favoring  ambient  temperatures 
and  pressures  (see  Figure  2-5).  In  deep  space  where  a vacuum  exists,  the 
H2O  density  will  always  be  too  low  and  the  temperature  too  high  to  sustain 
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condensation  of  hot  H^O  exhaust  molecules.  Even  if  dumped  as  a liquid,  HjO 
will  first  freeze  but  then  evaporate  very  slowly  if  released  in  the  earth 
shadow  (due  to  earthshine),  or  quickly  if  illuminated  by  the  sun  (due  to  UV 
jsorption) . 

Because  of  the  above-mentioned  complications,  it  will  be  necessary 
to  make  some  simplifying  assumptions  regarding  the  formation  of  ice  particles, 
if  excessive  (and  uncertain)  calculations  are  to  be  avoided.  We  shall  assume 
an  average  H2O  particle  size  of: 


d„  ^ « 2 urn  , 


and  it  will  be  assumed  that  particles  can  exist  only  at  certain  altitudes 
determined  by  Figure  2-5.  Although  will  in  reality  have  values  between 

0 and  I at  the  altitudes  where  liquid  or  solid  HgO  particles  can  form,  we 
shall  assume  for  the  H2O  released  from  rocket  exhausts  (see  Figure  2-5): 


5^^(h)  = 0.6  , 0 < h < 44  km 


5^^(h)  = 0 , 44  < h < 68  km 


5^^(h)  =0.6  , 68  < h < 


94  km 


?fr(h)  = 0 


h > 94  km 


The  formation  of  these  condensed  H2O  particles  will  further  be 
assumed  to  occur  several  plume  diameters  downstream  from  the  rocket. 
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For  the  solar  visible  spectrum,  the  mean  wavelength  is  \ 5500 

Angstroms.  Taking  q = 2 pm  and  assuming  d^  ^ = 8 pm*,  using  D^  = 0.25  m, 

2 2 3 

which  applies  approximateiy  for  many  large  rockets,  we  find  from  Figure  3-14 
that: 

= 2.2X  (3.282) 

From  Figure  3-15  we  can  then  obtain  an  estimated  curve-fitted  angular 
dependence  for  the  cross-sections: 


a„  „(B  ) = 2.2  X lO-t  '5  * 0-057  (?s  ' e|)) 

H2U  s 

/ X = 0.55  pm;\ 

' d = 2 pm  / 


m‘ 


ster 


(3.284, 


and: 


„(B  ) = 3.0  X (P,  -0.00384  b|)) 

'“2°3  = 

/ X = 0.55  pm; \ 

\ d = 8 pm  / 


m 


ster 


(3.285) 


where  0 < 0^  < 180°,  and  0^  is  measured  In  degrees.  For  lack  of  better 
experimental  information,  we  shall  assume  Eqs.  (3  284)  and  (3.285)  for  the 
average  photon  scattering  cross-sections  of  H2O  and  particles. 

Substituting  the  above  results  In  Eq,  (3.278),  we  finally  obtain 
the  estimate: 

^Average  diameters  of  soot  (C)  particles  In  rocket  exhausts  (If  present)  are 
are  about  3^  = 0.1  pm.  Modern  rockets  produce  very  little  solid  C however. 
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AZgOj  and  H2O 
SOSP 


si  /2440\  , 


• F,  W . 0.0292  5f, 


Watts 
ster  • nm 


(3.286) 


where  the  scattering  angle  3^  is  measured  in  degrees  and  is  related  to  the 

sun-cloud-observer  angle  T]^  by  = I8CP  - 3^;  q and  g^^  q are  the 

2 3 2 

number  of  moles  of  ^2^3  *^2^  exhaust  per  kilogram  of  exhaust; 

is  given  by  Eq.  (3.281);  W is  the  rocket's  mass  expulsion  rate  in  kgm/sec, 
-'od  Tg  (seconds)  is  given  by  Eq.  (3.262)  or  (3.263). 

Instead  of  the  scattering  angle  3^  > it  is  often  more  convenient 
to  express  (3.286)  in  terms  of  the  sun-target-observer  angle  = 180  - 3^  , 
degrees.  We  obtain  in  this  case: 


'‘^'^203  and  H2O  jexp(-^)  - I j 

SOSP 

• Tr(x)  W Tg  (sAjtgOj  > ster  • nm 


(3.287) 


) In  Eqs.  (3.286)  and  (3.287)  we  have  added  the  atmospheric  transmission  factor 

Tr  and  the  view  factor  to  account  for  cloud  shapes  other  than  spherical 
ones.  Summarizing  the  units  of  the  various  parameters  In  (3.286)  and  (3.287), 
^ we  have: 
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W 


T 

S 


Sun-target-sensor  angle^  degrees 

,ii  i 

^ ' 

Photon  wavelength,  nm  ^ 

t 

Moles  of  exhaust 

per  kilogram  of  exhaust 

Freezing  fraction  determined  by  Eq.  (3.281) 

Rocket  mass  expulsion  rate,  kgm/sec 

Time  (sec)  parameter  given  by  Eqs.  (3.262) 
or  (3.263) 


Because  solid  particles  do  not  dissociate  under  solar  UV  illumination 

and  condensed  H^O  does  not  form  above  130  km  where  the  solar  UV  is  present, 

we  do  not  have  to  correct  the  parameter  t for  any  solar  photodissociation 

s 

effects . 


3.3.7  Solar  Ultraviolet  Absorption*  *and  Reradiation  (SUAR) 

At  altitudes  above  130  kilometers  (see  Figure  2-3c),  ultraviolet 
photons  from  the  sun  (if  present)  will  excite  and  ionize  exhaust  molecules 
causing  subsequent  emission  of  ultraviolet  (UV),  visible  (VIS),  and  infrared 
(IR)  radiation.  The  ionized  molecules  will  recombine  with  the  freed  elec- 
trons very  rapidly  creating  excited  electronic  states.  The  electrons  will 
return  to  the  ground  state  from  these  excited  levels  via  a number  of  tran- 
sitions to  intermediate  energy  levels  with  concomitant  characteristic  spectral 
emissions  of  the  neutral  exhaust  molecule.  The  same  applies  of  course  to 
the  directly  excited  molecular  states.  A fraction  of  the  ionized  molecules 
will  get  excited  a second  time  by  the  solar  UV  photons  before  they  have 
recombined  with  electrons.  This  will  cause  emissions  from  excited  ionic 
states  of  the  exhaust  molecules. 
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In  addition  to  excitation  and  ionization,  many  exhaust  molecules 
can  be  "predissociated"  by  UV  photons,  if  the  phoiou  energy  lies  above  the 
dissociation  energy  of  the  molecule  but  below  its  ionization  ievei.  One 
or  both  of  the  fragments  of  the  dissociated  moiecule  can  then  be  in 
an  excited  state  and  emit  radiation  shortly  (within  microseconds)  after  the 
dissociation  event. 

As  mentioned  in  Chapter  2,  the  solar  UV  absorption  by  gases  in 
space  is  strong  and  considerable  reradiation  may  be  expectc  i from  this 

A 

mechanism.  A number  of  experiments  (Refs.  4 through  II  and  53)  have  verified 

t 

the  importance  of  solar  UV  absorptlon/reradiation  by  gas  clouds'  in  space. 
There  is  also  some  solar  IR  absorption  and  reradiation  but  tK?^ cross-sections 
are  much  lower  so  that  even  with  the  higher  photon  flux  levels  that  exist 
in  the  solar  IR  (compared  to  the  flux  levels  in  the  solar  UV),  the  net 
result  is  a much  weaker  emission  compared  to  that  produced  by  the  solar  UV. 

From  data  on  the  solar  spectrum  shown  in  Figure  B-8,  Appendix  B, 
we  find  that  the  continuum  solar  energy  flux  and  the  photon  number  flux  in 
the  UV  in  the  exosphere  can  be  approximated  by  the  relations: 


-f  ("''i  ^ 


< 300  nm)  = = 


8.20  X 10' 


Watts 


[| 


/2440\ 
exp(— ) 


- I 


(3.288) 


m 


nm 


(UV;  \ < 300  nm)  = 


4. 13x  10’ 


photons 


. i] 


m . sec  . nm 


(3.289) 


-9 


where  X is  the  solar  photon  wavelength  in  nm  (l  nm=  I nanometer  = 10  meters). 
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Sometimes  it  is  convenient  to  have  the  energy  and  photon  number 
flux  per  unit  frequency  instead  of  per  unit  wavelength.  In  frequency  units, 
Eqs.  (3.288)  and  (3.289)  become: 


(UV;  V > 1000  THz)  = — L:^i2L_i2 


Watts 


m 


THz 


(3.290) 


dv 


(UV;  V > 1000  THz) 


1.52  X 10'^ 


photons 
m* • sec  . THz 


(3.291) 


Here  v is  the  solar  photon  frequency  in  units  of  terahertz  (l  THz = 10 Hz). 

The  photon  flux  and  energy  flux  given  by  Eqs.  (3.288)  through 
(3.291)  give  approximately  the  continuum  radiation  of  the  solar  UV.  At 
wavelengths  below  180  nm  the  solar  spectrum  has,  in  addition  to  the  con- 
tinuum, a number  of  intense  atomic  lines  superimposed  on  the  continuum  as 
listed  in  Table  3-2.  The  individual  Intensities  of  these  lines  are  many 
times  higher  than  the  continuum.  The  most  intense  line  is  the  Lyman-a  line 
of  hydrogen  at  121.6  nm,  which  has  a peak  intensity  250  times  the  value  of 
the  continuum. 

To  account  for  the  discrete  lines  we  shall  therefore  multiply  the 
expressions  (3.288)  through  (3.291)  by  the  discrete  line  parameter  L(X)  - 
= L(v),  defined  by: 
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TABLE  3-2.  SOLAR  UV  LINES  BELOW  li}2  {'A'-I0MI:TERS*- 


E lement 

Center 

Waveiength, 

(nm) 

Estimated 

LInewldth, 

(nmX 

Estimated  Maximum 
Line  Intensity, 

'"m  ^ 1 i ne /^cont  inijum 

max.  / 

Si  n ) 

18 1.72 

0.  10 

16 

/ Doublet 
Si  n ) 

180.76 

0.07 

8 

Fe  n,  M.  U 

166.76 

0.06 

6 

C I 

f 

r 

165.63 

0.20 

12 

He  n 

163.87 

0.06 

6 

C I 

! 

155.90 

,/ 

0.  16 

5 

Doublet 


Doublet 


Doublet 


c rr ) 

} Doublet 

c m ) 

Si  H) 

} Doublet 

Si  n) 

Si  IT) 

I Doublet 
Si  Iff) 

0 I ) 

I Doublet 
0 I ) 

C H Doublet 

^ M (2  Lines) 
0 I j Triplet 

Si  n 
S H 
N ff 
NX 


154.90 
154.86 

153.33 
152.76 
140.  12 

139.33 

135.47 

135.05 
133.57 
130.45 

130.05 

126.47 
125.88 
124.  19 

123.90 


0.06 

0.07 

0.05 

0.05 

0.05 

0.07 

0.04 

0.03 

0.20 

0.20 

0.08 

0.05 

0.08 

0.07 

0.07 


«The  data  In  this  table  were  obtained  from  a spectrogram  made  during  an 
Aerobee-HI  Rocket  Flight  on  March  13,  1959,  by  the  Naval  Research 
Laboratory  ("Sky  and  Telescope,"  March  1970). 
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TABLE  3-2.  SOLAR  UV  LINES  BELOW  182  NANOMETERS*  (Cont.) 


Element 

Center 

Wavelength,  X 
(nm) 

Estimated 
Unawldth,  AX 

c 

(nm) 

Estimated  Maximum 
Line  Intensity, 

L = I,.  /I 
m line/  continuum 

max./ 

HI  (Ly  a) 

12  1.57 

0.92 

250 

Si  in 

120.52 

0.09 

80 

N I 

' 19.24 

0.09 

3 

N I (0 

1 18.99 

0.06 

2 

c HI 

1 17.38 

0.  1 1 

35 

N u 

108.29 

0.  13 

15 

0 n 1 

103.43 

0.  14 

75 

[ Doublet 

0 3CT  ) 

102.86 

0.  10 

80  ■ 

H I (Ly  8) 

102.07 

0.  14 

90 

N m 

98.65 

0.06 

5 

c m 

97.  17 

0.  1 1 

85 

HI  (Ly  6) 

94.61 

0.08 

8 

HI  ( Ly  e ) 

93.34 

0.07 

4 

0 H,  xn 

82.95 

0.09 

5 

0 ur ) 

78.58 

0.05 

2 

1 Doublet 

0 m » 

78.46 

0.05 

2 

(?) 

77.61 

0.05 

2 

(?) 

76.66 

0.05 

3 

(?) 

62.48 

0.05 

8 

0 m 

. .57 

0,05 

8 

He  I 

58.  18 

0.05 

8 

*The  data  In  this  table  were  obtained  from  a spectrogram  made  during  an 
Aerobee-Hi  Rocket  Flight  on  March  13,  1959,  by  the  Naval  Research 
Laboratory  ("Sky  and  Telescope,"  March  1970). 
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L L(X) 


L = I 


L exp 
m ^ 


f. 

^ 0.565  A\>^/  ~ 


where: 


L = L (X  ) = 
m ^ c' 


'-m  ®’^P'U:565  A\  ^ ' 


Kx),. 

1 I ne  maximum 

^^^^continuum 


, if  L(X)  ^ 


(3.292a)^^ 

I 

(3.292b) 

(3.293) 


Values  for  Lj^X^) , X^  , and  AX^  are  listed  in  Table  3-2. 

In  Tables  3-3  and  3-4,  the  UV  photon  wavelengths  below  which  the 
various  exhaust  species  are  ionized,  and  the  wavelengths  below  which  molecular 
species  are  dissociated,  are  listed. 

Many  exhaust  molecules  absorb  semi -cont i nuous 1 y at  wavelengths 
below  the  first  electronic  excitation  wavelength  Xj  . The  atoms  on  the 
other  hand  absorb  continuously  only  for  wavelengths  below  the  ionization 
wavelength.  For  many  molecules,  dissociation  occurs  nearly  continuously 
at  wavelengths  below  the  predissociation  wavelength,  or  at  least  within  a 
broad  band  below  the  predissociation  wavelength. 

Most  molecules  will  not  dissociate  however  for  wavelengths  starting 
somewhat  above  the  ionization  value  down  to  values  of  X far  below  this  level 


it 


*If  Av,/v  and  Av  /v^  « I as  Is  the  case  here,  we  have  Av  /v  = -AX  /X,  and 
c c c c c c C 

/V  - /V  V ^2  , X X \2  /X  - X \2 

\-^)  = (aU^'at)  = Uyir)  = • 
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TABLE  3-3.  ABSORPTIVE  ELECTRONIC  IONIZATION,  EXCITATION, 
AND  PREDISSOCIATION  WAVELENGTHS  (FREOUENf ^ ES) 

OF  ROCKET  EXHAUST  SPECIES 


Molecule 


Ion i zat ion 


ion  ion 

(nm)*  (THz)** 


91.1 
9 1 .0 
85.3 
I 10.0 
95.5 

71.1 


Ionization 


X . V . 

ion  ion 

(nm)^*’  (THz)'* 


66.0 

97.0 
( 168) 

88.0 
89.9 
130.4 
(90) 

98.6 

89.9 


4450 
3095 
( 1784) 
34  10 
3338 
2300 

(3337) 

3042 

3340 


F i rs  t Ex 

ci  tat  i oi! 

^1 

(nm)^*' 

(THz)^Ht 

121.57 

2466 

135.56 

22  10 

120.07 

2500 

296.72 

10  1 1 

138.98 

2160 

97.65 

3075 

First  Excitation 

^1 

(nm)* 

(THz)*» 

109.0 

2750 

630.0;»»* 

476 

296.2  *** 

101  1 *** 

144.3 

2078 

258.0 

1 162 

308.6 

972 

200 

1500 

227.2 

1320 

230.0 

1303 

261.4 

1 148 

186.0 

1612 

175.0 

1713 

Second  Excitation 


X2 

(nni)^*' 


97.  I 
130.22 
( I 12) 
165.7 
134.73 
95,48 


(THz)^Ht 


3909 
2300 
(2680) 
18  12 
2227 
3142 


i 


Pred i S50C i at  ion 


^pd 
( nm)'»’ 


88.7 

144.0 
126.4 

(268) 

125.0 

230.0 

(220) 

184.9 

(80) 


I 128 
2220 
1303 
( 1363) 

1622 

(3750) 


•w  I HIT,  = I nanometer  = 1C  meter 
^1  THz  I terahertz  = lO'*  Hz 

■«4H<'These  are  first-order  forbidden  transitions  with  respect  to  the 
ground-state. 
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in  the  ionization  continuum.  Thus  although  ionization  energies  are  higher 
than  the  dissociation  energies,  the  molecule  will  remain  intact  if  the  energ'- 
of  the  interacting  photon  is  high  enough  for  ionization  to  occur. 

When  photon  absorption  by  molecules  results  in  molecular 
dissociation,  the  dissociated  atoms  will  radiate  away  part  of  the  excitation 
energy  at  their  own  characteristic  atomic  frequencies.  The  dissociated 
atoms  of  a molecule  may  recombine  sometimes  with  the  emission  of  a photon 
(e.g.,  CO  + 0 -•  CO2  + hvi) . However  usually  most  molecules  in  a high-altitude 
(h  140  km)  exhaust  cloud  will  remair  dissociated  once  this  event  has  occur- 

red. As  we  shall  see,  the  rate  of  dissociation  of  most  exhaust  moleclues 
except  for  CO^  , , and  N2  is  reasonably  fast.  It  takes  for  example  ten 

minutes  for  90  percent  of  the  H2O  in  an  exhaust  cloud  to  dissociate,  but 
abouth  thirty  hours  for  90  percent  of  the  N2  to  decompose  (see  Table  3-7). 

In  Volume  II  of  this  handbook,  expressions  are  given  for  photon 

absorption  cross-sections  for  atoms  and  molecules  resulting  in  excitation 

or  dissociation,  while  Appendix  G gives  expressions  for  photo-ionization. 

In  the  following,  photoionization  will  be  considered  first.  From  Appendix  G 

we  have  for  v a v.  that: 
ion 


(3.294) 

i Here  H(x)  is  the  unit  step  function,  Z is  the  effective  charge,  and  v. 

I is  the  ionization  frequency  of  the  outer  electron  shell  of  the  molecule  (see 

i 

I Tables  G- 1 and  G-2  In  Appendix  G)  . Thus  for  kgm  of  exhaust  mialecules  X 
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with  molecular  weight  , we  have  for  the  ionization  rate  in  the  exosphere 
using  Eqs.  (3.29l)  and  (3.292): 


» 


h 


9 


t 


t 


GO 

d [Ionizations  of  X]  ^ 6.025  x 10“ [u.  (v)  dv  - 

dt  rt.  / ion  dv 


(h  ^ i30  km) 


v=v . 
ion 


W. 


L (V:„) 


^6.48x  10“^  '°n-  I" 


"x  4 


(^ion  \ ionizations  /, 
-nr)’  ~ Tecond 


ef  f 


where  L (v.  ) is  usually  L (v.  ) = I.  unless  the  ionization  frequency  of 

m ion  ' m ion 

the  molecule  under  consideration  coincides  with  one  of  the  strong  discrete 

lines  listed  in  Table  3-3  for  which  values  of  L are  listed.  In  performing 

m 

the  integration  over  v indicated  in  (3.295),  we  approximated  Eq.  (3.291)  by: 


dcp 

-X 

dv 


1.52  X.  10'®  V* 


photons 
m*  • sec  • THz 


(3.296) 


which  is  almost  exact  in  the  frequency  region  of  interest  (v  ~ 1000  THz). 


At  altitudes  below  130  krn,  atmospheric  attenuation  of  UV  radiation 
must  be  considered.  Using  the  approximate  relation  Trg(X,9^,h)  - Tr^(v,0g,h) 
for  high-altitude  solar  transmission  given  in  Appindix  H,  one  has  instead 
of  (3.295): 


d [Ionizations  of  X]  ^ ..  ,nzz  '^X  ^m^’^lon^  ^ion 

" ' = 0.4o  X 10  • 


ionizations 

second 


(3.297) 
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1 


where: 


Note  that  in  the  exosphere  where  = constant  = I,  the  integral 

(3.298)  may  be  evaluated  approximately  by  assuming  the  slowly  varying  factor 
- I /2  I /2 

{(v.  /v)  - 0,087  (v.  /v)  } to  be  constant  in  comparison  with  the 

rapidly  varying  factor  exp-{v  - v.^^)/ 123}  in  the  integration,  and  evaluating 
the  slowly  varying  factor  at  v = . If  one  does  this  (with  Tr^  - l), 

= I,  This  is  the  approximation  assumed  In  (3.295). 

If  Tr^(0^,h,v)  is  assumed  to  have  the  altitude  and  frequency 
dependence  as  assumed  in  Appendix  K,  the  integration  (3.298)  is  best  carried 
out  on  a computer.  A reasonably  fair  analytic  approximation  to  the  integral 
(3.298)  may  be  obtained  however  as  follows.  First  we  appro;  „iate: 


1 

1 


• J Tr^(0,h,v)  j exp-(— 1^)  j dv  = 

'^=''ion 

00 

'"''ion 


(3.299) 
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Now  the  frequency  dependence  of  Tr  (s  ^h,v)  varies  moderately  slowly  over 

s s 

the  e-folding  range  = *23  THz  of  the  exponential  factor 

exp-{(v  - v.^^)/ 123}  in  (3.299)  as  may  be  seen  by  inspection  of  the  various 

; vi-'p’iss  ion  factors  given  in  Appendix  H.  Therefore  as  a coarse  approximation, 

we  may  take  Tr  (9  ,h,v)  outside  the  integral  sign,  and  write: 
s s 

(3.300) 

Each  ionization  event  as  given  by  (3.297)  is  eventually  followed 
by  an  electron-ion  recombination  event.  If  in  the  ion-electron  recombination 
process,  radiation  due  to  transitions  from  free  electron  states  to  bound 
electron  states  are  neglected  (the  so-called  Bremstrahlung),  and  if  it  is 
further  assumed  that  most  electrons  are  captured  into  one  of  the  many  upper 
(near  the  ionization  level)  electronic  levels  of  a molecule  (or  atom)  and 
that  they  all  cascade  back  to  the  ground  level  through  the  same  one,  two, 
three,  or  more  electronic  levels  of  the  molecule,  one  can  write: 


I r ^9  , n,v=  V.  ) 
s s ’ ion 

123 


y 

V = V. 


ion 


(3.301) 
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Here  v,  ^v.j  are  all  In  units  of  THz  (=  lO'*  Hz).  The  usual  view 

factor  and  atmospheric  transmission  Tr(v)  have  been  added  also  In  (3.301) 
for  completeness. 

Explicit  expressions  for  the  line  or  band  shape  function 

b (v, V.  .,Av.  .)/Av. . of  electronic  or  vibronic  transition'  -sre  given  in 
e I j I j I j 

Volume  II  of  the  Rocket  Radiation  Handbook  for  various  types  of  molecules. 

The  summation  over  i in  (3.301)  is  over  all  molecules  X with  excited  elec- 
tronic levels  1 through  which  the  recombined  electron  cascades  In  returning 
to  the  ground  level,  while  the  j are  the  levels  to  which  a level  i can  relax. 
The  weighting  factor  /|j  in  (3.301)  is  composed  of  two  component  factors, 
that  is: 


f'li- 


^rci  ^ij 


A“. 

•J 


rc 


(3.302) 


•J 


where  A”,  is  the  electronic  spontaneous  emission  rate  for  which  explicit 
U 

expressions  are  given  in  Volume  II,  and  where  is  the  probability  that  a 

recombining  electron  ..'ill  follow  a ground-level-returning  cascade  that  passes 
through  level  i.  If  after  recombination  only  one  cascade  is  followed  always, 

= I,  but  if  say  30  percent  of  the  time  cascade  A is  followed  which  passes 

through  level  i,  and  70  percent  of  the  time  cascade  B results  wh'ch  includes 

another  level  k,  we  have  / . = 0.3  and  / . = 0.7  of  course.  Theoretical 

and  experimental  data  on  the  factors  / . are  rare  and  difficult  to  obtain 

and  for  lack  of  any  knowledge  one  often  sets  « I,  and  thus  /[j  /.j  . 

In  Eq.  (3.301)  we  also  used  the  relation: 


= 0.001  W , 


moles 


(3.302) 
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where  W is  the  rocket  mass  expulsion  rate  in  kgm/sec,  - g.  gives  the 
moles  per  kgm  of  exhaust  species  X and  ^ ''^s  i effective  average 

time  the  exhaust  soecies  X dwells  in  the  f ield-of-view  of  the  observer. 

For  TTO  (Target  Tracking  Observations)  is  given  by  Eq.  (3.272),  while 
in  the  case  of  ICO  (Integfated  Cloud  Observations)  observations,  Eq.  (3.271) 
should  be  used. 


Often  it  is  convenient  to  express  the  radiant  intensity  in  terms 
of  wavelengths  X instead  of  v.  In  this  case  Eq . (3.301)  changes  to: 


/ d J \ _ c / dj  \ 

'^'SUAR  4^  \dv/ 
loniz. 


= 2.76  X 10 

SUAR 
loniz. 


/W  F Tr(x) 
19  I V 


b ( X Av . . 
e ij^  'j 

Av.  . 

'JCTHi) 


/(.  g,  T . L ( X.  ) Tr  (9  >h,  X.  ) 
I I ^1  SI  m lon'^  s s ion 


Watts 
ster*  nm 


(3.303) 

Here  X and  'x.  are  in  nm  (nanometers)  and  Av. . is  in  THz. 
ion  ij 

The  emissions  i in  Eq.  (3.303)  are  a series  of  characteristic 
temperature-and-pressure-broadened  lines  for  monoatomic  exhaust  species 
(X  = H,  C£,  0,  etc.),  and  a series  of  rotat ional ly-broadened  vibronic  bands 
for  the  case  of  molecular  exhaust  species  (X  = COg  , H2O  , CO,  OH,  HCi,  etc.). 
Center  wavelengths,  Xjj  , of  some  of  the  stronger  transitions  that  have  been 
observed  are  given  in  Tables  3-5  and  3-6.  Clearly,  the  SUAR  radiation 
spectrum  (3.303)  provides  a characteristic  spectral  "fingerprint"  of  the 


exhaust  species,  in  contrast  to  SUSP  radiation  which  only  transfers  the 
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TABLE  3-5.  MAIN  ELECTRONIC  EMISSION  LINES  OF  EXHAUST  ATOMS  IN  THE 
UVIS  REGION  OF  THE  SPECTRUM  (Data  from  Refs.  51  and  52) 


Atom 

Transition 
Wavelength 
\jj  (nm)* 

i -•  0 

H 

97.4 

102.6 

121.6 

i -*  1 

434.0 

486.  1 

i 

656.3 

i - 0 

0 

130.  1 

135.6 

1 

f - 0 

297.2 

i - j 

394.7 

436.8 

533.6 

615.8 

777.2 

0+ 

41  !.9 

464.9 

Relative 
Intens i ty** 


Trans i t ion 
Wavelength 
, (nm)» 


155.8 
165.7 

247.9 

133.6 

426.7 


409.9 

411.0 

444.7 
493.5 

108.3 

566.7 

568.0 


48  1.9 


i -•  J =3  Non-ground  state  connected  transition, 
i I = First  excited  state  connected  transition, 

i 0 = Ground  state  connected  transition, 

f -*  0 = "Forbidden"  ground  state  connected  transition 

**These  values  arc  rough  estimates. 


Relative 
Intens i ty** 
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TABLE  3-6.  MAJOR  VIBRONIC  EMISSION  BANDS  OF  EXHAUST  MOLECULES  IN  THE 
UVIS  REGION  OF  THE  SPECTRUM  (Data  from  Refs.  A6,  47,  and  48) 


Molecule 


Wavel 

ler 

igth 

Regi 

on 

1 of 

Band, 

( 

nmj* 

130 

— 

140 

161 

— 

178 

569 

— 

574 

588.6 

— 

594.  1 

649.6 

— 

654 . 4 

694.4 

— 

701.6 

7 13.6 

— 

790.2 

260.8 

— 

262.2 

267.7 

— 

269.  1 

28  1.1 

— 

282.9 

287.5 

— 

289.3 

294.5 

— 

296.2 

302.  1 

— 

308.9 

312.  i 

— 

312.6 

318.5 

— 

320.9 

342.8 

— 

347.2 

386.4 

— 

388 

421.6 

— 

423 

433.7 

— 

435 

458 . 7 

— 

460 

473.0 

— 

474 

495.7 

— 

497 

512.3 

— 

514 

548.0 

— 

550 

356 

— 

360 

Relative 
In  tens i ty^^ 


Wave 

ength 

Mol  ecu  le 

Reg 

on  of 

Band, 

(nm)^ 

^2 

406.7 

- 421.3 

449.8 

- 508.4 

519.6 

-642.8 

716.9 

- 725.3 

752.5 

8 16.5 

- 835.0 

CO 

200 

- 280 

283 

- 280 

412 

- 662 

CSI 

o 

o 

287.4 

303.4 

- 316.5 

324.5 

-328.4 

337.0 

- 340 

350.3 

— 356.6 

362.  1 

- 369.  1 

376.  1 

- 389 

396.  1 

-416 

C02+ 

288.3 

(sharp) 

289.6 

(sharp) 

H(je 

198 

- 237.5 

HCA+ 

283 

- 396.6 

Relative 


*The  center  wavelength  Xjj  of  the  electronic  transition  is  approximately 
in  the  middle  of  each  band. 

♦♦These  values  are  rough  estimates. 
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solar  spectrum  (except  for  possible  secondary  spectral  effects  due  to 
particle-size-related  Mie  resonances). 

Before  concludihg  the  analysis  on  ionization-produced  SUAR 
radiation,  one  additional  comment  is  in  order.  If  a cloud  of  atoms  with  a 
low  ionization  potential  (e.g.,  Cs,  K,  Na,  etc.)  is  released  at  high  alti- 
tudes, the  rapid  electron  recombination  that  was  postulated  above  does  not 
apply.  In  this  case  it  is  possible  (see  Ref.  5)  that  the  earth's  magnetic 
field  will  force  ionized  atoms  out  of  the  cloud  of  neutrals  with  the  result 
that  two  separated  space-charge-balanced  clouds  are  formed,  one  containing 
neutral  atoms  and  electrons,  and  the  other  ions.  The  ions  are  also  excited 
by  solar  UV  (see  below)  and  one  observes  characteristic  spectral  emissions 
(e.g.,  blue)  from  the  neutral  cloud  that  are  different  from  the  character- 
istic spectral  emissions  of  the  ion  cloud  (e.g.,  purple).  It  is  possible 
to  develop  expressions  similar  to  the  ones  given  above  for  these  special 
cases  (magnetic  fields,  etc.,  must  be  considered  to  determine  the  populations 
in  the  ion  and  neutral  cloud),  but  we  shall  not  discuss  them  here. 

In  addition  to  ionization-recombination-generated  SUAR  radiation, 
there  is  of  course  also  SUAR  radiation  due  to  excitation  (possibly  followed 
by  dissociation).  In  fact  the  contribution  from  excitations  in  the  total 
amount  of  SUAR  radiation  usually  far  exceeds  that  contributed  by  ionization/ 
recombinations. 

The  cross-section  for  solar  photon  absorption  (in  the  UVIS  region) 
is  approximately  given  by  (see  Vol.  II,  section  5.l): 


°^abs 


X 


IQ  4 (v,v,  ,4v.  ) 

- 19  , . e ' lo'  10  2 

'^1  1 ’ 

' 4v, 


'lo 


(THz) 


4.422  X 10 


(3.304) 
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where  w.  is  the  statistical  weight  of  the  electronic  excited  level  i,  and 
be(v>v  i^,AVio)  is  the  electronic  transition  shape  function  for  which  expres- 
sions are  given  in  Volume  II.  The  band  or  line-spread  is  in  THz,  as 

before.  Equation  (3.304)  applies  only  for  allowed  transitions  0 -•  i (for 
selection  rules,  see  Vol.  II).  For  first-order-forbidden  magnetic-dipole 
transitions,  the  cross-section  is  about  5 x 10  times  smaller,  while  for 
electric  quadrupole  transitions  the  cross-section  is  still  smallei-  (by  a 
factor  of  about  10  to  10  ). 

Using  expression  (3.296)  for  the  solar  UV  flux,  Eq . (3.304)  for 
the  cross-section,  Eq.  (3.302)  for  the  amount  of  exhaust  molecules  under 
observation,  and  approximation  (3.300)  to  account  foi;  upper-atmosphere 
filtering  cf  solar  UV  photons,  one  obtains: 


d (Excitations  X.) 


dt 


® dcp 

= 6,025  X to*’  ^ IT 


V = o 


“ 9x  “ v!  exp-(^)  , 


Excitations  X. 


second 


(3.305) 


Here  we  used  the  relation  (see  Vol.  II): 


f(v)  dv  = 


(3.306) 


Also  note  that  v^j  = Vj  , where  Vj  is  the  frequency  of  excited  level  i. 

The  subsequent  reemfsslon  of  radiation  due  to  sclar  UV  excitation 

is  then: 
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'SUAR 
Exc i t . 


2.  135  X 10"^  * F V Tr(v)  9:  t.  . L (v  ) Tr  (e  ,h,v.) 

V (JH2)  A-rf  I SI  Jlk  I s s I 


• J 


I ri\l 

^’<'’■(723))-^-. 


e'  ' I j I j ' 


Watts 
ster  • THz 


'(THz) 


^gain,  the  view-factor  F^/4tt  and  atnospheric  transmission  Tr(v)  were  added 
for  comp letenesn . 

f 

Rewriting  (3.307)  in  terms  of  wavelength  X,  results  finally  in 
the  expression; 


= 1.725  X 10' 
'SUAR 
Exc i t. 


(^1 

^(nm)  ' I j 


T . L (\.)  Tr  (0  ,h,X.) 
S I ^ I s ' s ' I 


‘"i  ) X? 


/2437U 

^ ^ i ' I i j ' i j ^ Watts 

? ( Av.y  / ' ’ ster-  nm 

'(nm)  ) /'(THz)/ 


As  before,  t . = t y is  given  by  *ss.  (3.271)  and  (3.272)  for  respectively 

si  S A 

ICO  and  TTO  observations.  Note  that  for  SUAR  excitation  the  simple  factor 
f . . aoDl ies.  that  is: 


i 
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} 

f 


> 


? 


in  contrast  to  the  ionization-recombination  case  for  which  fi.  - f • /.. 

I j r c I I j 

must  be  used.  Also  it  should  be  noted  by  comparing  (3.308)  with  (3.303) 

■Su 

that  excitation  SUAR  radiation  is  at  least  tefi  times  more  intense  than 

ionization  SUAR  radiation,  unless  a special  solar  spectral  line  coincides 

with  v . so  that  L (v.  ) » I. 

ion  ion 


In  Eq.  (3.308),  only  direct  excitations  i due  to  solar  UV  photon 
absorptions  and  subsequent  emissions  from  i -♦  j transitions  are  accounted 
for.  The  emissions  from  subsequent  transitions  j -*  k,  k JL,  etc.,  lower 
down  in  the  cascade  are  not  included  in  expression  (3.308).  Usually  this 
omission  is  justified  since  due  to  tho  steep  decline  of  the  photon  flux  with 
increasing  frequency  in  the  UV  region,  direct  excitations  of  level  j (lying 
lower  in  energy  than  level  i)  are  much  stronger  than  direct  excitations  of 
level  i (which  is  at  a higher  energy)  from  which  some  additional  population 
of  level  j results  due  to  downward  cascading  of  i -*  j k. 


The  only  times  that  cascading  contributions  "from  above"  cannot 
be  neglected  occurs  when  (a)  the  frequency  v^.  of  the  higher  level  1 of  the 
molecule  coincides  with  one  of  the  special  strong  lines  in  the  solar  UV 
spectrum  listed  in  Table  3-2,  or  (b)  if  the  level  j reached  in  the  cascade 
i -•  j cannot  be  optically  excited  from  the  ground  level  o,  that  is  if  the 
transition  o -*  J i s optically  forbidden,  but  emissions  j -*  k -•  o are  allowed. 
These  special  cases  can  be  easily  included  however  by  adding  to  Eq.  (3.308) 
the  following  expression  for  such  special  levels  J.  which  are  populated  by 
cascades  i -♦].  or  i -«p-»q-» j.  . 


) 
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(3.3  10) 


In  most  practical  applications,  once  the  exhaust  molecules  have  been 
identified,  the  levels  can  be  established  by  consultation  with  the  litera- 
ture such  as  Refs.  46,  47,  and  48,  and  a determination  can  be  made  if  any 
special  leve..,-;  j.  should  be  considered. 

In  addition  to  the  special  consideration  of  populations  of  excited 
levels  from  "upstream  cascades,"  one  might  also  examine  the  possibility  of 
double-  or  multiple-photon  up-pumping.  However  the  probability  for  the 
occurrence  of  such  events  is  extremely  small,  since  be  h the  solar  photon 
flux  density  and  the  exhaust  gas  density  are  too  low  and  lifetimes  of  elec- 
tronic excited  s .ates  are  too  short.  (Only  with  laser  beams  can  double  and 
multiple  absorptions  be  significant.)  One  may  therefore  safely  ignore 
two-  or  three-step  excitations  in  a single  (undissociated)  molecule. 

A different  situation  than  the  one  just  discussed  can  exist  however 
in  the  case  that  a molecule  is  dissociated  by  solar  UV.  For  example  H^O  may 
dissociate  due  to  solar  UV  absorption  Into  H and  OH.  The  OH  formed  in  the 
dissociation  is  usually  in  a high  excited  vibrational  level  and  not  in  the 
ground  vibrational  state  as  shown  In  Figure  3-19.  Because  excited  vibrational 
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FIGURE  3-19.  ILLUSTRATION  OF  SUSPECTED  SOLAR-UV-EXCITED  DISSOCIATIONS  OF  H^O  AND 
UVIS  EMISSIONS  FROM  OH  IN  HIGH-ALTIT'^DE  ROCKET  EXHAUST  PLUMES 
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levels  have  much  longer  lifetimes  (~  4 ms)  compared  to  excited  electronic 
level  lifetimes  (~  I M<s),  it  is  possible  for  additional  solar  photons  to 
excite  the  OH  to  higher  levels  than  would  be  possible  under  normal 
circumstances  if  the  OH  were  in  the  ground  vibrational  state  to  start  with. 

In  Figure  3-19  for  example,  it  is  speculated  that  OH  formed  in 
the  dissociation  of  H2O  by  solar  UV  photons  is  left  in  the  v - 3 vibrational 
level.  Additional  solar  UV  photons  (with  X ~ 225  nm)  then  excite  OH  to  the 
electronic  level  which  decays  to  the  electronic  level  with  the 

emission  of  several  strong  visible  bands.  This  excitation  scheme  is  postu- 
lated in  order  to  explain  the  bright  visible  emission  (Ref.  53)  that  was 
observed  during  the  lunar-injection-burn  of  Apollo-8  above  Hawaii  as  shown 
in  Figure  l-l.  In  the  first  frame  of  Figure  1-1,  the  Apollo-8  vehicle  had 
Just  moved  from  the  dark  side  to  the  light  side  of  the  earth  and  was  illumi- 
nated by  atmosphere-filtered  visible  (but  not  UV)  solar  radiation.  Only  the 
vehicle  body  which  reflected  this  visible  radiation  is  observed  in  this  first 
frame.  As  Apollo-8  became  fully  illuminated  by  non-atmosphere-filtered 
solar  radiation  which  included  the  UV,  the  exhaust  gases  behind  the  vehicle 
(which  contained  Hg  and  H2O)  suddenly  began  to  radiate  very  brightly  in  the 
visible  as  shown  in  frames  2,  3,  etc.  Clearly,  solar  UV  had  to  be  the  origin 
of  this  new  radiation  which  was  absent  in  frame  I of  Figure  1-1  (see  Ref.  53). 

Now  inspection  of  Figure  3-19  shows  that  non-dissociated  H2O  would 
reradiate  in  the  UV.  Similarly  OH,  if  excited  from  i's  ground  state,  would 
mostly  reemit  UV  from  A*E^  -•  X*n  j transitions.  If  only  UV  was  emitted,  the 
exhaust  radiation  could  not  have  been  observed  from  the  ground.  The 
B*E^  “•  transitions  are  In  the  visible  however  and  can  be  produced  by 

assuming  that  the  scheme  shown  by  the  dotted  lines  is  operative  as  described 
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above.  Since  visible  radiation  was  observed,  only  the  latter  mechanism 
could  explain  the  observations. 

The  intensity  of  the  observed  visible  radiation  from  the  Apollo-8 
exhaust  plume  is  also  orders  of  magnitude  higher  than  could  be  explained  by 
assuming  that  solar  radiation  was  scattered  by  the  exhaust  gases  (Rayleigh 
scattering).  Scattering  from  frozen  particles  (see  section  3.3.6)  was 
impossible  since  temperatures  in  the  exhaust  plume  were  too  high  to  allow 
any  freezing  there.  Further,  if  scattering  had  been  operative,  one  should 
also  have  observed  scattered  solar  radiation  from  the  exhaust  in  the  first 
frame  of  the  sequence  shewn  in  Figure  l-l;  but  it  was  not. 

In  addition  to  the  just-described  H2O  -•  OH*  + H case  in  which  OH* 
is  generated  in  an  excited  vibrational  levels  the  photodissociation  process 
can  sometimes  also  create  electronically  excited  atoms.  For  example  the 
photodissociation  of  O2  in  the  exosphere  (e.g.  from  LOX  dumps;  see  Figure  1-2) 
can  result  in  the  formation  of  atomic  oxygen  in  the  'S  and  'O  excited  levels 
which  are  metastable  but  which  do  eventually  relax  (via  magnetic  dipole  or 
electric  quadrupole  interaction)  to  the  ground  state  with  the  emission 
of  sharp  line  radiations  in  the  visible  (see  Ref.  9). 

Photodissociation  by  solar  UV  occurs  for  many  molecules  at 
frequencies  that  lie  in  the  vicinity  of  the  first  allowed  electronic  excited 
state.  The  solar  UV  photon  wavelength  below  which  dissociation  plus 
dissociated  radical  excitation  can  occur  is  of  course  given  by: 


3 X lO’^ 

^d*i  ^ v^(XY)  + v,(Y) 


nm 


(3.311) 
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where  XY  is  a molecule  with  atomic  or  radical  partners  X and  Y,  and  where  Y 

is  the  dissociated  atom  or  radical  in  the  excited  state  i.  The  frequencies 

V , and  V.  are  defined  by: 
d I 

Vj  - Vj(XY)  = Photodissociation  frequency  of  molecule  XY, 

THz 

V.  - Vj(Y)  ~ Frequency  of  excitation  of  atom  or  radical  Y 
during  dissociation  process,  THz 


The  number  of  XY  photodissociations  and  Y.  excitation  events  is 

clearly: 


d [Dissociations  XY] 
dt 


' [ Exci tations  Yj] 
dt 


CD 


y='abs<'’’V  ' 

'"''d.k 


sec  per  molecule  XY 


(3.312) 


The  summation  over  the  allowed  molecular  electronic  levels  k at  frequencies 
can  usually  be  replaced  by  an  integration  since  the  states  k lie  close 
to  each  other  in  the  region  where  dissociation  can  occur.  Since  the  term 
exp-(v/l23)  in  the  solar  flux  expression  changes  most  rapidly  under  the 
integrals,  one  obtains  for< the  radiant  intensity  due  to  Y.  reradiation 
(converting  all  v's  to  X's  via  X = c/v): 


= 1.725  X I0*° 


y SUAR  \ 
I Photodiss.j 
'+  Excit.  ' 


/ W Tri 
' ^(nm) 


Tr(x)  \ 


) ^ ^ ^ ^k  ’''sk  '^k 

' t.  i : 
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(“’"’id.k)) 
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Here  the  suimiation  over  k is  over  photodissociatable  molecular  species  XY 
that  form  excited  species  Y.  , and  is  the  dissociation  wavelength  for 

molecule  k.  The  parameter  is  again  given  by  Eqs.  (3.2  17)  and 

(3.272)  for  respectively  ICO  and  TTO  observations^  while  is  again  given 
by  (3.309)  and  w^^  is  the  statistical  weight  of  the  dissociation-producing 
electronic  level  of  molecule  XY. 

The  emission  shape  function  b(X,X • Av.  .)/Av.  . is  equal  to  a 

ij  ij  ij 

cioppler  or  collision-broadening  line  function  (see  Vol.  II)  in  the  case 
that  Y is  an  atom,  or  equal  to  a vibronic  shape  function  (see  Vol.  II)  if 
the  dissociation  product  Y is  a multiatomic  radical  or  molecule. 

The  total  photodissociation  rate  is  usually  somewhat  higher 
than  the  rate  given  by  Eq.  (3.312)  since  for  frequencies  between  and 

, radiationless  dissociations  can  occur.  The  total  photodissociation 
rate  is  given  by: 


? f- 

^k  ''^pd  '^pd 


dy(v) 


6.72  X I0'‘  exp 


sec 


molecule 

(3.314) 


where  j^(Vp^)  is  the  value  of  any  special  solar  line  at  a frequency  equal  to 
or  slightly  higher  than  the  pre-dissociation  frequency  Vp^  = 3x  iO*/Xpj  , 
and  Wj  is  the  sldLlslIcal  weight  of  the  electronic  level  that  leads  to 
dissociation. 
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TABLE  3-7.  DISSOCIATION  RATES  OF  EXHAUST  MOLECULES  IN  THE 
EXOSPHERE  UNDER  SOLAR  ULTRAVIOLET  IRRADIATION 


Molecule  X 

Calculated 

Decay  Tlme'*^ 

"•pd 

(THz) 

Dissoci atlon 

Rate  z , 

0 

(sec" ') 

1 

HjO 

1622 

5.31  X lO"^ 

5.03 

0 

0 

3750 

5.43V  :o"'° 

58.4  y 

CO 

2400 

1.30  X 10"^ 

21.4  h 

OH 

1 120 

9.36  X 10"^ 

10.7  s 

HCX 

1304 

2.84  X 10"^ 

35.2  s 

NO 

1364 

1.91  X 10"^ 

52.4  s 

2083 

1.29  X 10"^ 

2.  16  h 

^2 

2373 

1.58  X 10"^ 

17.56  h 

H, 

3382 

8.80  X 10"’ 

3.60  y 

* = 1488  Vj  exp(v^/  123)  , sec 


**  s = seconds;  m = minutes;  h = 
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In  Table  3-7,  calculated  dissociation  rates  and  decay  times 
l/z^  are  listed  for  exhaust  species  of  major  interest  exposed  to  solar 
UV  in  the  exosphere  (Tr^ = l).  Because  the  various  exhaust  species  have 
different  decay  times,  it  is  possible  to  identify  a particular  exhaust 
molecule  not  only  from  the  characteristic  emission  spectrum  of  its  dissoc- 
iation product  species  Y.  but  also  from  the  radiation  intensity  decay  time 
of  the  line  emissions  of  Y.  . Thus  a double  check  is  possible  which  allows 
one  to  distinguish  between  d i ffcrent  species  with  emissions  in  the  same 
part  of  the  spectrum.  For  example  an  exhaust  cloud  of  H^O  will  show  emis- 
sion lines  from  excited  OH*  at  \ = 306  ± 5 nm  which  decays  at  an  e-folding 
rate  of  5 minutes,  that  is  at  the  dissociation  decay  rate  of  H^O  (the  OH 
dissociates  faster  and  thus  the  H^O  decay  rate  is  controlling).  Another 
species  with  emissions  in  the  306  ± 5 nm  region  of  the  spectrum  would 
decay  at  a different  rate. 

3.3.8  Spectral  Considerations 

The  total  radiant  intensity  from  a rocket  exhaust  in  a certain 
part  of  the  spectrum  is  of  course  equal  to  the  sum  of  any  contributions  in 
that  region  from  any  of  the  six  main  mechanisms  discussed  in  the  previous 
sections.  If  only  infrared  emissions  are  of  interest,  CORE  and  ABCD  are 
the  main  mechanisms  under  daytime  or  nighttime  TTO  (=  target-tracking- 
observation)  conditions.  In  addition  to  CORE  and  ABCD,  ATMP  radiation 
should  also  be  considered  if  observations  are  made  under  wide  fov  angle  and/or 
ICO  (=  integrated  cloud  observations)  conditions.  In  the  latter  case,  it 
is  necessary  that  one  specifies  further  whether  the  observations  are  made 
at  night  or  during  the  day  since  solar  UV  will  dissociate  the  molecular 
species  In  the  exhaust  cloud  in  daytime  but  not  at  night. 
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For  visible  and  ultraviolet  (UVIS)  emissions,  ABCO,  SOSP,  and 
SUAR  must  all  be  considered.  Taytime  conditions  are  essential  of  course  for 
both  SOSP  and  SUAR.  ABCD  radiation  in  the  UVIS  occurs  when  the  exhaust 
velocity  relative  to  the  air  is  large  which  happens  at  take-off,  at  near- 
orbital velocities,  and  during  deorbiting  retrofi  rings.'**'  Of  course  ABCD 
radiation  in  the  UVIS  can  occur  both  at  night  and  in  daytime,  but  in  day- 
time the  background  radiation  is  usually  stronger  than  any  UVIS  emissions 
that  are  present  so  that  ic  is  often  not  observed. 

The  total  radiation  from  both  CORE  and  ABCD  may  be  conveniently 
lumped  into  the  ore  formula: 


Here  e.  = hv.  is  the  energy  level  from  which  photon  emissions  take  place, 
which  in  general  can  be  an  electronic  level,  a vibrational  level,  or  a 
rotational  level.  Expressions  for  parameters  such  as  , 0j  , and  were 
given  in  sections  3.3.3  and  3.3.4. 

*These  emissions  are  primarily  due  to  several  vibrational  combination  bands 
of  HgO  that  emit  in  the  visible  (see  Table  3-8). 
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As  mentioned  in  section  3.3.2  In  connection  with  Eq.  (3.102),  for 

vibrational  emissions  one  can  sum  Eq.  (3.315)  over  all  the  levels  of  each 

one  of  the  normal  vibrations  ot  (see  Vol.  II)  of  the  different  molecules  if 

emissions  are  observed  in  the  stronq  Av  = I emission  bands,  since  one  can 

a 

assume  v..  i!wv  for  a1  1 Av  = v - v =1  transitions.  This  assumption  is 
oi  a o(j  o(j 

excellent,  if  one  is  not  interested  in  fine  spectral  details.  One  obtains 
in  this  case: 


- 2.8549  X 10 


^ 'ABC0  + 
CORE 

(infrared) 
Av  = I 


' ' TT  \ T..  + ' 


ct  qa 


by(X,\^,AvQ|)  j 
(THz)  -4 


(THz) 


\)  ( / 14,388. 5 \ 

77^)1  r"<-C!r)- 


I + 


(t  + t ) 
a qof 


(p.m)(°K) 


HI  14,388.5  \ . I"' 

^''^1  Va^)  ■ ! 

(|j,m)(®K)  -• 


Watts 
ster  • pm 


(3.316) 


The  summation  over  a in  (3.316)  is  over  the  infrared-active  normal  vibrations 
only.  For  diatomic  molecules  there  is  only  one  value  for  , while  for 
triatomic  molecules  there  are  usually  three  different  values  of  X^  like  in 


^^For  HgO,  X^,  ^ X^2  ^ ^o=3  ^ I = ^^2  " Vs 
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the  case  of  H^O.  However  for  linear  triatomic  inolecules  such  as  CO^  there 

are  only  two  infrared-active  X 's  since  the  third  one  is  i nf rared- inact i ve 
' a 

(see  Vol . II) . 


If  one  is  primarily  Interested  in  those  regions  of  the  infrared 

vibrational  spectrum  where  most  of  the  radiant  energy  is  released,  one  needs 

only  to  consider  the  fundamental  Av  = I transitions,  since  the  emission  from 

(X 

overtone  transitions  Av  - 2,  3,  ....  and  combination  band  transitions 

a 

Av  = V!Av  ^ I,  are  always  much  weaker  than  those  of  the  Av  = I transitions. 

^ Qi  ~ 


0/ 


a 


However  if  one  is  interested  in  special  regions  of  the  vibrational  spectrum 
where  only  overtone  and  multi-band  transitions  are  active,  the  latter  can  of 
course  not  be  ignored.  For  such  vibrational  multi-band  or  overtone 
transitions,  Eq,  (3.315)  must  be  used  and  evaluated,  which  was  given  by 
Eq.  (3.  lOl) . 


For  vibrational  transitions,  the  radiative  decay  constant  or 
Einstein  coefficient  can  be  expressed  by  the  general  relation  (see  Vol.  II, 
Tables  5-1  and  5-2) : 


A°  . = 2.6833  X 10 
ij 


-2  1 


(Hz)’ 


w. 


«ij 

(cm*) 


sec 


(3.317) 


where  the  transition  matrix  R?  , 

' j 


is  given  by: 


Sit*  H,.  X|j 


cm*  , 


(3.318) 


in  which: 
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6 


a 


I , if 


> V 


Qi, 


I f V < 

a. 
J 


(3.31^ 


(3.32C 


V.  . 

U 


)v 

• I 

J 


Hz 


(3.32^ 


The  V and  v are  the  vibrational  quantum  numbers  of  levels  i and  j 
respectively  of  the  normal  vibration  CK»  In  (3.317),  Wj  is  the  statistical 
weight  of  level  j.  If  j is  the  ground  state  Wj  = 1.  The  parameter  x.^  is 
the  transition-averaged  anharmonlc  constant,  Mjj  is  the  effective  vibrational 
mass  of  the  transition  i -♦  j,  Vjj  is  the  frequency  of  the  vibrational  tran- 
sition i -*  j,  and  Zjj  is  the  transition-averaged  first-derivative  dipole- 
charge  (see  Vol.  II,  section  3.3,  and  Appendix  B) . The  four  parameters  v , 
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M , X , and  z are  the  fundamental  constants  of  a normal  vibration  ot  . 

a ’ a ’ a 

Values  of  these  constants  for  different  moiecules  are  given  in  Volume  II. 


For  ^v^ 
simplify  to: 


transitions,  Eqs.  (3.318)  through  (3.324) 


(Av  = I) 

Oi 


h z* 
a 


IOlT‘  M V 

a a 


(v  ^ 
“i 


I) 


cm' 


(3. 


V.  . 
ij 


V 


a 


(3.2 


(3.2 


z..  = 2z  (3.2 

IJ  a 


« = I 


(3. 


Thus  for  Av^  = I transitions,  the  Einstein  factor  (3.317)  is: 
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where  v is  in  cm 
01 

( atomic  mass  units). 


X is 


a 


in  ^xm  , 


and  M is 
ot 


in  a.m.u. 


In  Table  3-8,  the  Einstein  factors  for  the  more  important  vibrational 

levels  of  exhaust  molecules  are  listed  which  give  rise  to  infrared  emissions. 

For  Av  = 1 emission  bands,  the  factor  /. . « I since  transitions  i -•  i with 
q;  tj 

Av  ^ 1 have  A°  . factors  that  are  much  smaller  than  the  A°  . factors  for 
cy  I j I j 

Av  1 transitions.'**'  For  example  for  the  (v,+3v,)  emission  of  H„0,  we  have: 
a 13  2 ’ 


^i=  (v,+3v,j)-  j 0 


A°  + A*^  V A° 

i = (v  i+Svj) -*  j = 2vj  i=(v  |+3vj) -•  j = 3Vj  i = (v  |+3Vj)  - j = 0 


1 WVJ. 


C. 040472  (for  H,0) 


(3.331) 


while  for  the  (v  | +Vj)  emission  of  COg  , one  obtains: 


i-(V|+Vj)  -*  j - 0 

^i  = (V(+Vj)  -•  j = V|  ^ ^i  = (V|+v^)  -*  0 

0.007353  (for  CO^) 


(3.332) 


Note  here  that  in  the  (v  ,+v,)  case  for  CO.,  , one  has  A°  / . 

'13  2 ’ i = (v  i+Vj)  -♦  J = V 

since  v,  is  not  infrared-active.  Also  note  that  for  the  H,0  case, 

I 4. 

^i  = (V|'-3Vj)  - j=(V|'2Vj)  " ^ = -*  J = 0 ’ 


0, 


*The  /.J  = I assumption  was  also  used  in  deriving  Eq.  (3.316). 
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TABLE  3-8.  FREaUENCIES  AND  EINSTEIN  RATES  OF  THE  MORE  IMPORTANT 
INFRARED-ACTIVE  VIBRATION  BANDS  OF  ROCKET  EXHAUST  MOLECULES 


Molecule 

V i brat ' on 
Band* 

Band 

Frequency 
v.j  (cm  ) 

Band 

Wavelength 

Xjj  (iim) 

Einstein  Factor 

A°  . (sec  *) 
ij 

^ij 

DIATOMIC 

CO 

^e 

2,  170 

4.608 

33.23 

1 

1 

4,330 

2.309 

1.9180 

0.028048 

6,485 

1.542 

0.8605 

0.008557 

OH 

^e 

3,735 

2.677 

15.51 

1 

2-e 

7,465 

1.340 

1 .0772 

0.033561 

1 1,  180 

0.895 

0.5684 

0.012068 

HCi 

^e 

2,990 

3.344 

7.59  1 

1 

2-e 

5,970 

i.675 

1.0363 

0.063899 

NO 

V 

e 

1,904 

5.252 

56.04 

1 

2v 

e 

3,790 

2.639 

3.737 

0.032267 

HF 

V 

e 

4,  139 

2.416 

6.2 

1 

TRIATOMIC 

■ 

CO2 

^2 

667.3 

14.986 

2.04 

1 

^3 

2,349.2 

4.377 

244.9 

1 

bV2 

1,932.5 

5.  175 

1.095  X 

10"^ 

0.000179 

2,076.5 

4.816 

0. 1 151 

0.053408 

P.V/Vj 

3,609 

2.771 

0.3518 

0.001413 

3,7  10 

2.695 

1.8162 

0. J07353 

4,860.5 

2.057 

2.435  X 

10“^ 

0.000299 

V l+ZvjW, 

4,933.5 

2.007 

2.999  X 

10-2 

0.000120 

2v 1+V3 

5,  100 

. .961 

0.3544 

0.001447 

^AH  listed  transitions  are  to  the  ground  state, 

transitions  v v -♦  (v  -t)v  , that  is  for  Av  = 

a a a a « 

the  ground  state,  one  has  A°  . = v . 


that  is  j = 0.  For 
I transitions  not  involving 
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TABLE  3-8.  FREQ.UENCIES  AND  EINSTEIN  RATES  OF  THE  MORE  IMPORTANT 
INFRARED-ACTIVE  VIBRATION  BANDS  OF  ROCKET  EXHAUST  MOLECULES  (Cont.) 


Molecule 

Vibration 

Band* 

Band 

Frequency 
V . . (cm  * ) 

ij 

Wavelength 
X.j  (kim) 

Einstein  Factor 
A°  . (sec  ' )* 

IJ 

j 

TRIATOMIC 

^^2 

0 

^1 

3, 65 1 . 7 

2.738 

95.289** 

1 

"'2 

1,595.0 

6.270 

22.225** 

1 

""3 

3,755.8 

2.663 

43.490** 

1 

2v2 

3, 151.4 

3.  173 

0.4124*** 

0.0126 

^2^^3 

5,332.0 

1.875 

4.756 

0.0675 

6,874.0 

1.455 

1.  153 

0.0129 

^l^^3 

7,251.6 

1.379 

20.422 

0. 1283 

V1+V2+V3 

8,807.5 

1.  135 

2,949-)HHH<- 

0.0180 

2V1+V3 

I0,6i3.  12 

0.9422 

24.661 

0.0953 

5V3 

i 1,032.36 

0.9064 

6.241 

0.0457 

2V|+V2^V3 

12,  151.22 

0.8230 

1 .607 

0.00623 

V2+3V3 

12,565.01 

0.7959 

3.606 

0.02307 

(NIR) 

3v  i+Vj 

13,830.92 

0.7230 

7.263 

0.02  158 

1 

V|t3v3 

i4,3l8.77 

0.6984 

9.522 

0.04047 

3V1+V2+V3 

15, 347.90 

0.65  16 

1.089 

0.00309 

(V 

IS) 

V+V2+3V3 

15,832.47 

0.6316 

1 . 348 

0.00541 

3v  I+2V2+VJ 

16,821.61 

0.5945 

0.  i44 

0.00039 

4V|-V3 

16,899.01 

0.59  18 

6.858 

0.0  1588 

2v  1 + 3V3 

17,495.48 

0.5716 

2.281 

''.00705 

*AI1  listed  transitions  are  to  the  ground  state,  that  is  j = C. 

**For  transitions  ( ''ey"  * ) '’ey  > that  is  for  = I transitions  not 

Involving  the  ground  state,  one  has  A°j  = • Tiius  for  2V|-*V|, 

A 2 I = 2 X 95.3  = 190.6  sec"*  , etc. 

^HH<■For  3v2“*V2  one  finds  V5|  = 3II0  cm"*  , | = 1.696,  /j|=  0.0248;  for 

4v^  ^ 2v2  *••*1  etc* 

^HHH^■For  V |+2v2+Vj"*  V |+V2'^Vj  , A°j=  5.899  sec"*  , /°j-  0.0360. 
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Table  3-8  shows  also  the  H29  combination  bands  in  the  visible 
below  0.6516  = 651.6  nm.  Though  weak,  these  bands  are  responsible  for  a 

large  portion  of  the  visibly  observed  emissions  of  a rocket  plume  as  a 
rocket  leaves  the  launching  pad.  In  addition  to  the  vibrational  bands  in 
the  visible,  elec’ -onic  transitions  with  concomitant  UVIS  emissions  can 
also  occur  if  the  temperature  in  the  Boltzmann  factors  of  Eq.  (3.315)  are 
high  enough.  Usually  for  most  rockets  ~ 2000  °K,  so  that  significant 
amounts  of  electronic  excitation  cannot  occur  in  the  Macii  Core.  However 
(Tp)  I ~ > used  in  the  ABCD  Boltzmann  factor,  can  have  values  between 

3000  and  6000  °K  (due  primarily  to  the  M V?  term  from  CD)  and  at  these 
temperatures  significant  population  of  e’sctronic  excited  levels  can  take 
place.  The  more  importani,  UVIS  emission  bands  of  various  exhaust  molecules 
were  listed  in  Table  3-6. 


For  emissions  from  electronic  transitions  as  well  as  from 
combination-band  vibrational  transitions,  Eq.  (3.315)  must  be  used  instead 
of  (3. 316).  Unless  a cascade  is  well  known,  it  usually  is  a rather  good 
approximation  to  assume  that  /jj  w • in  (3.315)  for  electronic  transitions, 
and  that  the  sum  over  i is  over  electronic  levels  with  different  major 
emission  wavelengths  . There  is  rarely  a series  of  electronic  or 
vibronic  deexcitations  1 j with  nearly  the  same  as  one  finds  in 

vibrational  decay.  Thus  a summation  over  i which  led  to  Eq.  (3.316)  for 
vibrational  emissions  cannot  be  performed  for  electronic  transitions.  For 
electronic  transitions,  A°.j  is  again  given  by  Eq.  (3.317),  but  the  matrix 
element  R|j  is  in  this  case  different  from  (3.313).  A coarse  approximation 
for  Rjj  for  electronic  transitions  Is  (see  Table  5-2,  Vol.  II): 
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f 


r 


and  thus: 


I.556X  10 

V.  .(cm” ') 
ij 


cm 


0.  1 1 I V? . w . , sec 

U J ' 

(cm"  I)  ^ 


(3.333) 


(3.334) 


Since  /.j  sa  I for  most  electronic  emissions  of  interest,  Eq.  (3.334)  is 

usually  not  needed  for  the  calculation  of  f..  values. 

' II 


For  pure  rotational  transitions,  Eq.  (3.315)  can  again  be  used 
(not  (3.316)).  S ince  only  AJ  = J.  - Jj  = +1  transitions  give  rise  to  an  emis- 
sion, and  the  selection  rule  is  AJ  = 0,  ±1,  we  can  set  f.,  = 1 in  (3.315) 
for  all  pure  rotational  transitions.  A sum  over  states  i leading  to  (3.316) 
as  was  carried  out  for  the  vibrational  case,  cannot  be  done  for  the 
pure  rotational  case  since  the  rotational  energy  levels  are  not  (even 
approximately)  equally  spaced  for  varying  values  of  the  rotational  quantum 
number  J (see  Vol.  II).  Expressions  for  (R?i)  and  (A'-;)  ^ are  given  in 

Volume  II  but  are  not  needed,  since  always  f..  = I in  Eq.  (3.315)  for  pure 
rotational  emissions. 


When  UVIS  or  VIS  radiations  are  being  considered,  Eqs.  (3.287) 
and  (3. 308)  for  SOSP  and  SUAR  contributions  must  of  course  be  added  to  the 
ABCD  expression  (3.315),  if  observations  are  made  under  solar  illumination.^ 
For  the  inf rared  on  the  other  hand  only  Eq.  (3.315)  is  needed  for 


i : 

*Not-^  that  (3.287)  and  (3.308)  are  given  In  Watts/ster.  nm.  Before  adding 
UVI  contributions  from  ABCD  as  given  by  Eq.  (3.315)  in  Watts/ster  . p.m  the 
’ Ttter  must  first  be  adjusted  to  the  same  units  of  course  (l  W/ster*  p,m  = 

- 10"^  W/ster  • nm) . 

i 
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contributions  of  pure  rotational  transitions  from  various  level 
G.=hvg  J(J+l)  and  (3.316)  for  far-infrared  vibrational  emissions.  In  parts 
of  the  spectrum  where  strong  vibrational  ba.nds  exist,  the  pure  rotational 
emission  contribution  can  usually  be  neglected,  and  Eq.  (3.316)  is  sufficient. 


The  most  important  spectrum-dependent  function  in  the  radiant 
emission  expressions  (3.315)  or  (3.316;  are  the  shape  or  contour  functions 
b(x,X.j,Av. j)/Av.j  which  are  the  main  subject  of  Volume  II.  These  functions 
have  in  general  a maximum  near  the  wavelength  X - X.^  (or  frequency  v = v..) 
and  drop  off  exponentially  or  quadratical ly  for  wavelengths  X larger  than  or 
smaller  than  X.j  . The  dimensionless  function  b(X,X j j, Av. j ) = b(v,v. j,Av j j) 
is  usually  so  defined  that: 


b(v-y,j,v,.,iv,j)  = I 


It  also  has  the  property  that: 


\*j 

^b(v,v. j,AVjj)  dv  = Av.j  , Hz 


v=o 


(3.335) 


(3.336) 


Thus  it  follows  also  that: 


03 


/ 

v=o 


b(v,V| j.iv, .) 

toTTj 


dv  - I 


(3.337) 


The  spectral  or  differential  Einstein  factor  is  (see  Vol.  IX): 
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'j  Av.. 

•J 


(3.338; 


and  clearly: 


CO 


b(v,v.  .,Av.  .)  _ 

^ dv  = A°  . , sec 

Av>..  'J 


(3.339; 


because  Eq.  (3.337). 


The  shape  function  b (v.v..«Av..)  and  "spread"  Av.  . for  vibrational 

V ij'  ij'  IJ 

emission  bands  is  given  by  (see  Vol.  Il): 


Case  I:  All  diatomic  species  and  v,  bands  of  linear 


triatomic  irolecules  (e.g.  CO^  , N^O) . 


b^(v,Vij,iV|j) 


V - V.  , / V - V.  . 

! Lii  exp-  U 

iV|j  V iv.j 


3.340 


Av..  = (4vp  kT/h)'''^  = 1.6698  (vp  , cm' 

I J D D 

r " • o 1/  \ 


(3.341)* 


*Because  of  C02's  symmetry,  the  value  ('^B)eff  ^ here. 
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The  right-hand  side  of  (3.340)  and  the  first  part  of  the  expression  on  the 
right-hand  side  of  (3.342)  give  the  so-called  P-  and  R-branches  of  an  emis- 
sion band,  while  the  second  part  in  (3.342)  gives  the  Q-branch.  Diatomic 
molecules  and  stretching  vibrations  of  linear  molecules  as  given  by  (3.340) 
do  not  possess  a Q-branch.  The  function  H(x)  in  (3.342)  is  the  Heaviside 
unit-step  function  defined  before  by  (3.166);  Vg  is  the  rotational  constant 
of  the  molecule  and  = (§b^5^  I'otational  anharmonic  coeff  ;cient  of 

an  a-vibration  that  possesses  a Q-branch. 

The  nonlinear  H2O  molecule  has  three  infrared-active  vibrations 
that  emit  bands  which  all  have  Q-branches.  The  b^(v,v j j,6V| j)  expressions 
for  H-0  are  (see  Vol.  II): 


FTD-CW-01-01-74 
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Case  IV  (Cont.) 

2V''b*''c^ 


'A  "B  ”C 


(2va-Vo-v.)* 


Here'^H(x)  and'*'H(x)  In  the  second  part  of  (3.544)  refer  to  the  V|  and  ^2 
vibration  respectively  whichever  applies. 

The  spread  Av,,  to  be  used  In  Eqs.  (3.343)  and  (3.344)  Is  given 


1. 1807  j (Vg+Vg)  , cm' 

Ccm“')  (®K) 
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Table  3-9  lists  values  of  ^ ^ ^ ^BC  several  exhaust 

molecules-  For  combination-band  vibrational  transitions  in  nonlinear  molecules 
such  as  (V|+Vj),  Eq.  (3.344)  may  be  used. 

For  electronic  transitions  in  molecules,  expressions  for  the 
vibronic,  band-system  contour  b^(v,v. j,Av. j)/Avj j are  also  available  and  given 
in  Volume  II.  We  shall  not  list  them  here  as  they  are  rather  lengthy  and 
complicated.  The  vibron.c  contour  functions  usually  exhibit  two  peaks. 

However  for  broad-band  observations  one  may  employ  as  a coarse  approximation, 
the  semi -Gauss ian  fit; 


(3.346) 


with: 


iv..  = 


2kT/(hPj) 


'elc  ( I + 2{  1+  (v.j-Vq)/Vp] 


1/2 


• exp ' 


^kTZ(hpj) 


V . . - 

U 9 


cm"'  (3.347) 


where  for  diatomic  molecules: 


■(v)  I 


-I 


(3.348) 
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Molecule 

Rotational  Constant 
( cm" ' ) 

Anharmonic  Coefficient 
for  (i-Branches* 

CO 

Vb=  1.93 

— 

OH 

Vg  = 18.87 

— 

HCi 

\)g  = 10.59 

HF 

Vg  = 20.94 

— 

NO 

< 

00 

It 

0 

— 

CO2 

Vg,  = 0.390 

N^O 

Vg  = 0.419 

(53)2  = 0.001337 

H^O 

= 27.88 

(5bc)  i = 0.03342 

H^O 

Vg  = 14.51 

(5bc)2  = 0-00183 

H2O 

V(.=  9.29 

(?BC)3  = 0.02026 
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(3.349) 


♦ 


I 


cm 


(3.350) 


Here  v , , v > Pi,  > ^nd  r are  respectively  the  dissociation  frequency, 

k ®k  ®k 

the  fundamental  vibrational  frequency,  the  Morse  coefficient  and  the 

equilibrium  spacing  constant  of  the  Morse  potential  of  the  vibration  in 

♦ 

state  k (k=  t and  k j).  For  polyatomic  molecules  AVjj  must  be  averaged 
over  the  normal  vibrations  a and  Volume  II  should  be  consulted.  It  should 
be  noted  further  that  AVjj  is  proportional  to  T if  the  exponential  in  (3.347) 
is  small.  As  a coarse  estimate,  one  may  take  for  the  vibronic  spreads 
the  wavelength  ranges  listed  in  Table  3-6. 


art 
Vol . 


The  b(v, V, j,Av jj)/Av. j function  for  pure  rotational  line  emissions 
usually  given  by  the  well-known  collision-broadened  line  function  (see 

II): 


bc(v,v.j,Av.j) 


(3.35i) 


ff 


(Avj.)  - I.  1288  X 10'*  a,_2  P , cm”'  (3.352) 

c 

(cm*)  (atm)  (amu)(°k) 

Here  "|_2  *be  oscillation-interrupting  collision  cross-section  in  cm* 

*^or  collisions  betwcr.'i  Molecules  I end  2 , *^12  reduced  mass 

2» 
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^1-2  M colliding  partners  in  amu  units,  p is  the  gas 

pressure  in  atm,  and  T is  the  gas  temperature  in  °K.  Values  for  C7(_2 
various  gases  are  given  in  Volume  II. 

At  very  low  pressures  the  pure  rotational  line  function  becomes 
equal  to  the  doppler  line-broadening  function: 


(3.353 


(Av,.) 
ij  D 


7.625  X 10'^  V.  . 

U 

(cm  ')(°K)(amu) 


cm  , 

(3.354 


where  c 3 x 10**^  cm/sec  and  M is  the 

Eqs.  (3.353)  and  (3.354)  apply  instead 

(Av..)  « (Av..)  . Note  that  (Av..) 

'J  C 'J  D 'J  C 


mass  of  the  emitting  molecule, 
of  (3.351)  and  (3.352)  when 
is  linearly  proportional  to  pressure. 


Only  some  of  the  more  important  spectral  shape  functions  were 
reviewed  in  the  above  discussions.  It  was  assumed  in  these  relations  that 
measurements  are  made  over  a wavelength  interval  that  includes  at  least 
several  rotational  lines,  so  that  mathematical  band-averaging  can  be  applied. 
If  ultra-narrow  spectral  observations  are  made,  which  include  only  one  rota- 
tional  line  or  a portion  of  a line,  fine-spectrum  broadening  functions  b^^^ 
and  (for  vibrational  and  electronic  transitions)  must  be  used  in  place 

of  the  functions  and  b^  given  above.  Expressions  for  fine-spectrum 
broadening  'unctions,  as  i::vi  I as  broadening  functions  for  some  other  special 
cases  are  given  in  Volume  !1.  For  aost  practical  cases  involving  rocket 
raviiaticn.  the  broadeeting  functions  given  above  should  be  adequate  hc»«ever. 
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As  mentioned  in  section  3.3.3.,  in  many  cases  of  interest, 


resonant  V-V  transfers  of  excitation  energy  from  the  level  of  interest  to  a 
suppressant  molecule  are  not  present  and  in  this  case  t * = 0 i n Eqs.  (3.315) 

v|U[ 

and  (3. 316). 


The  atmospheric  transmission  factor  Tr(X,S,h)  that  appears  in 
(3.315)  and  (3. 316)  depends  on  the  observer  to  rocket  distance  S and  alti- 
tude h,  as  well  as  on  wavelength  \.  Relations  for  Tr(X,S,h)  are  given  in 
Volume  V of  the  Rocket  Radiation  Handbook  and  will  not  be  further  considered 
here . 


3.3.9  View  Factors 

The  view  factor  F^  appearing  in  Eqs.  (3.315)  and  (3.316)  depends 
only  on  the  geometry  of  the  exhaust  plume.  Although  CORE  and  ABCD  radiation 
are  generated  in  separate  portions  of  the  plume,  the  photons  emitted  by  the 
CORE  have  to  travel  through  the  outer  ABCD  region  where  they  experience 
absorptions  and  reemissions  before  they  finally  leave  the  exhaust  plume. 

Thus  the  CORE  emission  is  blended  spatially  with  ABCD  radiation,  and  the 
use  of  a single  view  factor  F^  for  calculating  the  sensor-observed  plume 
emission  due  to  both  radiation  mechanisms  is  appropriate. 


In  Appendix  C,  analytic  expressions  of  view  factors  F^  are 

developed  for  simple  geometries  such  as  a cylinder,  cone,  or  sphere. 

Although  an  actual  exhaust  plume  does  not  have  such  a geometry,  i *■  has 

cylindrice’  sy:inetry  and  may  be  approx i'^ated  by  an  equivalent  finite 

cylinder  with  equivalent  length  L , c.nd  diameter  D . The  view  factor  F 

' ^ ^ p p V 

for  a finite  cylinder  is  shown  in  Appendix  C to  depend  primarily  on  the 


rat  . 
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\ = L /O  , (3.355) 

P P 

p = D /U  , (3.356) 

and  on  the  sensor's  f : eld-of-vi ew  and  "aspect  angle"  ot  , that  is  the  angle 

between  the  1 i ne-of-s  i ght  and  the  cylinder  axis.  Thus  (^v^cyl  ~ • 

Here  D is  the  diameter  of  the  (assumed)  circular  f ield-of-view  of  the 
s 

observing  sensor  at  the  rocket  plume. 

Now  a can  be  obtained  directly  from  the  rocket  trajectory  and  the 

location  of  the  sensor,  while  0 can  be  calculated  if  the  sensor's  optics 

s 

and  f ield-of-view  is  known  (see  Vol.  Vl).  If  the  sensor's  f ield-of-view 
angle  is  and  the  observer-to-rocket  range  is  then  clearly  (in  the 

usual  small  angle  approximation): 


D =5  8,  , m 

s fov  ' 


(3.357) 


The  equivalent  cylindrical  rocket  plume  diameter  , may  be 
approximately  set  equal  to  or  D|^  , given  by  Eqs.  (3.139)  or  (3.194). 

To  obtain  an  expression  for  the  equivalent  cylindrical  plume  length  Lp  we 
shall  employ  the  Hill-Draper  theory  (Ref.  19)  mentioned  before.  In 
Appendix  F it  is  shown  that  for  view-factor  calculations  we  may  take 
approximately: 


L ft(  X D , m 
P P 


(3.358) 
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Here  the  parameters  Q and  B are  constants  that  depend  only  on  the  rocket 

hardware  and  fuel  parameters.  They  were  defined  before  by  Eqs.  (3.227)  and 

(3.228)  of  section  3.3.4.  0*  must  equal  D*  = D H(D  -D  ) + D H(D  -D  ) In 
' ' e ee  pe  p ep 

(3.359)  to  account  for  launch-altitude  separations  in  the  nozzle  (see 
Eq.  (3. 196)) . 

As  discussed  in  Appendix  F,  at  ultra-high-altitudes  the  physical 

dimensions  of  the  plume  become  larger  than  the  radiation-active  plume 

dimensions,  and  therefore  when  calculating  view  factors  we  shall  take  for 

D the  relation: 

P 


D = 
P 


0 . H(D 

exh  r 


“exh)  " 


D,  H(0 


exh 


m 


(3. 


Here  '^3s  given  by  Eq.  (3.139),  and: 


°t 

+ 

CM 

I 

, m 

J 

^r  1 

(p/Pc)^^ 

(-,y 

I'-fe)  1 

(3. 


where  p Is  given  by  (see  Appendix  F): 
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For  a typical  value  of  y = 1.25,  T = 3000  °K,  p - 50  bars,  and 

c c 

SB  30  amu,  one  finds  from  Cq.  (3.362)  that  p^  = 6.09  x lO’ bars  which 
corresponds  to  an  altitude  of  about  250  kilometers  according  to  Figure  2-3a 
Thus  for  most  near-earth  orbit  launching  rockets,  the  radiative  size  limit 

0 =0  will  not  be  reached. 

P r 

3.3.10  Parametric  Error  Analysis  and  Adjustments 

Before  investigating  the  effects  of  variances  of  the  input 
parameters  on  the  total  output  radiation,  let  us  review  what  input  param- 
eters enter  into  a radiation  calcuiatcon.  For  rocket  radiation  signature 
calculations  involving  the  ABCD  and  "ORE  expressions  (3.315)  or  (3.316), 
the  following  input  parameters  are  required  for  each  rocket  stage: 

a.  Rocket  Hardware  Data 

W = Exhaust  mass  flow  rate,  kgm/sec 
= Combustion  chamber  temperature,  ®K 
p^  = Combustion  chamber  pressure,  bars 
= Nozzle  throat  dlanicter,  m 
p = Nozzle  exit  plane  design  pressure,  bars 
V = Gas  coefficient  of  exhaust  gases 
0 = 

^ Stt  '?ACt 


Rocket  thrust  angle,  degrees 


FTD-  CW-01-01-7^ 
Vol.  I 


June  1974 


m “ 

-II  1/2  -•''2  (-^^7^) 

2.506  X 10  " M p ' ' 

c e '^c 

(^) 

Pr  = 

, bars 

(®K)  (amu) (bars) 

(3.362) 


For  a typical  value  of  y = 1.25,  T = 3000  ®K,  p » 50  bars,  and 

c c 

«s  30  amu,  one  finds  from  Eq.  (3.362)  that  = 6.09  x lO" bars  which 

corresponds  to  an  altitude  of  about  250  kilometers  according  to  Figure  2>3a. 

Thus  for  most  near-earth  orbit  launching  rockets,  the  radiative  size  limit 

D = will  not  be  reached. 

P r 

3.3. 10  Parametric  Error  Analysis  and  Adjustments 

Before  investigating  the  effects  of  variances  of  the  input 
parameters  on  the  total  output  radiation,  let  us  review  what  input  param- 
eters enter  into  a radiation  calculation.  For  rocket  radiation  signature 
calculations  involving  the  ABCD  and  CORE  expressions  (3.315)  or  (3.316), 
the  following  input  parameters  are  required  for  each  rocket  stage: 

a.  /Rocket  Engine  Data 

T = Combustion  chamber  temperature, 

0 

p = Combustion  chamber  pressure,  bars 

= Nozzle  throat  diameter,  m 
p « Nozzle  exit  plane  design  pressure,  bars 
y « Gac  coefficient  of  exhaust  gases 
(B  > Rocket  thrust  angle,  degrees) 
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Of  these  six  parameters>  6 Is  usually  fixed  at  6 » 180°  for 
booster  rockets.  Only  if  vernier-rocket  burns  are  considered 
is  9 y I80P , Thus  for  booster  rockets  there  are  basically 
five  parameters.  For  any  one  of  the  basic  five  parameters  one 
can  substitute  another  parameter  that  is  related  to  these  five 
and  can  be  calculated  from  them.  For  example  instead  of  p 

o 

one  van  specify  the  nozzle  area  ratio  E * 0*/D*  , or  the 

w k 

nozzle  exit  plane  parameters  or  0^  , and  in  place  of  , 

• 

W may  be  specified.  Each  one  of  these  other  parameters  can  be 
calculated  from  the  basic  set  of  five  parameters,  T , p > , 

p , and  Y via  ideal  one-dimensional  adiabatic  rocket  flow 
theory  (see  Vol.  IV).  Often  the  mass  flow  rate  W (kgm/sec)  is 
given  also  as  a sixth  independent  parameter.  However  for  ideal 
flow  it  is  related  to  T (°K),  p (bars),  y > 

(amu)  via  the  expression  W « 861.39  p^  D*[y(2/(y+ l)} 

• (M  /T  )] *^^  (see  Vol.  IV).  If  W is  independently  specified, 
non- Ideality  factors  are  automatically  included  but  W should 
still  be  approximately  given  by  the  ideal  relation.  Not  more 
^han  the  basic  six  or  five  engine  parameters  should  be  used  to 
avoid  overdetermination  and  inconsistencies. 

b.  Rocket  Trajectory  and  Relative  Sensor  Position 

To  calculate  signatures  (radiation  versus  time  plots),  the 
rocket's  position  and  velocity  relative  to  the  earth  must  be  speci- 
fied es  a function  of  time.  Also  the  bufn^Start  and  burn-stop 
times  for  each  stage  must  be  given.  The  number  of  time  points  for 
each  stape  can  vary  between  5 and  50  dapending  on  how  smoothly 
varying  or  irregular  the  trajectory  data  a*»e.  Usually  for 


t 
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Of  these  seven  parameters,  0 is  usually  fixed  at  0 = 180'^  for 
booster  rockets.  Only  if  vernier-rocket  burns  are  considered 
is  0 ^ 180°.  Thus  for  booster  rockets  there  are  basically 
six  parameters.  For  any  one  of  the  basic  six  parameters  one 
can  substitute  another  parameter  that  is  related  to  these  six 
and  can  be  calculated  from  them.  For  example  instead  of  p^ 
one  can  specify  the  nozzle  exit  plane  diameter  , the  nozzle 
"area-ratio"  E , or  the  nozzle  exit  plane  temperature  . 

Each  one  of  these  parameters  can  be  calculated  from  the  basic 
set  of  six  parameters  W,T  , p ,D,p  , and  y via 
one-dimensional  adiabatic  rocket  flow  theory  (see  Vol.  IV). 

In  performing  radiation  calculations,  it  ir.  important  that  the 
number  of  input  parameters  do  not  exceed  the  basic  set  of  six. 
Overdetermination  may  cause  inconsistencies,  particularly  if 
input  values  are  provided  which  are  not  exactly  related  by 
the  standard  one-dimensional  rocket  flow  relations.  The  latter 
equations  are  assumed  to  hold  throughout  all  expressions 
developed  here. 

b.  Rocket  Trajectory  and  Relative  Sensor  Position 

To  calculate  rocket  radiation  signatures,  that  is  to  plot  a 
radiation  versus  time  curve,  it  is  necessary  that  the  rocket's 
position  and  velocity  relative  to  the  earth  is  specified  as  a 
function  of  time.  Also  the  burn-start  and  burn-stop  times  for 
each  stage  must  be  given.  The  number  of  time  points  for  each 
stage  can  vary  between  5 and  50  depending  on  how  snoorhly 
varying  or  Irregular  the  trajectory  data  are.  Usually  for 

^ Tec  Tict,  . 
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each  stage,  some  10  time  points  are  sufficient.  Thus  for  a 
typical  three-stage  rocket  this  means  that  some  3 x 10  x 4 
(altitude;  range;  azimuth;  velocity)  - 120  input  numbers 
are  required  to  specify  the  rocket  trajectory. 

Jn  addition  to  the  rocket  trajectory  giving  a four-set  of 
numbers  as  a function  of  time,  it  is  necessary  that  the  field- 
of-view  diameter  of  the  sensor  at  the  rocket,  D - 0 (t),  and 
the  aspect  angle  oi-a(t),  that  is  the  angle  between  the 
rocket's  direction  of  motion  and  the  1 i ne-of-s i ght  from  the 
sensor  to  the  rocket,  be  specified  as  a function  of  time. 

The  determination  of  0(t)  and  a(t)  is  best  calculated  together 
with  the  rocket  trajectory  calculations,  and  thus  a six-set 
(h,  LONG,  LAT,  , Of  , D^)  as  a function  of  time  should  be 
specified.  Here  the  longitude  (LONG)  and  latitude  (LAT)  are 
substituted  for  range  and  azimuth. 

c.  Exhaust  Gas  Molecular  Composition 

Several  books,  tabulations,  and  computer  programs  are  available 
(Refs.  26  and  27)  which  give  the  molecular  species  composition 
of  a rocket  exhaust  for  a given  propellant  mix.  For  radiation 
calculations,  the  exhaust  gas  composition  is  expressed  by  the 
following  parameters: 

= Moles  of  per  kilogram  of  exhaust  mass 

= Moles  of  HgO  per  kilogram  of  exhaust  mass 
- Moles  of  CO2  per  kilogram  of  exhaust  mass 


^CO, 
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9co 

^Hce 

^NO 

9qH 

9h 


Moles  of 
Moles  of 
Moles  of 
Moles  of 
Moles  of 
Moles  of 


CO  per  kilogram  of  exhaust  mass 
HC6  per  kilogram  of  exhaust  mass 
^^2^3  logram  of  exhaust  mass 

NO  per  kilogram  of  exhaust  mass 
OH  per  kilogram  of  exhaust  mass 
H per  kilogram  of  exhaust  mass 


= Moles  of  N2  per  kilogram  of  exhaust  mass 
= Moles  of  0^  per  kilogram  of  exhaust  mass 

fhe  above  list  Is  representative  of  most  of  the  exhaust 
species  that  are  present  in  a rocket  exhaust.  However,  if 
present,  the  amounts  of  other  species  such  as  HF,  NO^  , etc., 
must  be  added  to  completely  specify  the  molecular  field. 


If  the  species  distribution  is  given  in  terms  of  moles  of  X 
per  kgm  of  exnaust  , as  is  our  convention,  one  additional 
parameter  can  be  derived  which  is  the  species-averaged  molecular 
weight  = [ lO'  ] *,  grams/moK'’ . This  constant  appears 

in  several  subsidiary  expressions  and  *s  treated  as  a semi- 
independent constant  even  though  it  depends  v^r'  the  sum  over 
the  gj^  . In  many  data  inputs,  M^  is  therefore  specified 
separately  as  though  it  were  an  independent  psrameter. 
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d.  Molecular  Constants 

The  nxjlecular  constants  needed  in  radiation  calculations  may 
be  divided  into  three  groups^  namely  rotational,  vibrational, 
and  electronic  constants: 

( 1)  Ro.ational  Constants  (see  also  Vol.  II) 

0 > 0 ^ Rotational  constants 

<-2  2 

for  the  three^ rotational  axes  of  asymmetric  nonlinear 


H2O  , (cm 

Rotat i on 

constant  for  linear  CO2  , (cm  *). 

c 

(vb)co  = 

Rotation 

constant  for  CO,  (cm  *). 

etc.,  for  all  molecules  listed  under  c. 

(SbCj^h^O  ^ ^^BC2)h20  ^ ^5bC3^H20  " Second-order 
rotational  coefficients  due  to  the  three  normal 
vibrations  of  H2O. 

(e;B.»j;o  - Second-order  rotational  coefficient  of  CO2  . 

etc.,  for  all  molecules  listed  under  c. 

(2)  Vibrational  Constants  (see  also  i/ol.  II) 

■■  ■'  - " ^ 

('>|)h  0 * 0 * 0 “ Fundamental  frequencies 

^ 1 2 2 2 
(cm  ) of  the  three  normal  vibrations  of  H,0. 

t 
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(V|)co  » ^'^2^C0  * ^'^3^C0  Fundamental  frequencies 

(cm~l)  of  the  three  normal  vibrations  of  CO^  . 

(vg)^Q  - Fundamental  vibrational  frequency  (cm'*)  of  CO, 

(vg)HC£  = Fundamental  vibrational  frequency  (cm"*)  of  HC£. 


etc.,  for  all  molecules  listed  under  c. 


(x|)h  q , (><2^H  0 * 0 ^ Anharmonic  vibrational 

constants  of  H2O  for  normal  vibrations  V|  , Vg  ; ^nd 
Vj  respectively. 

(x|)(;0  > (^2)qo  ^ ^^3^C0  ” Anharmonic  vibrational 

^22 

constants  of  CO^  for  normal  vibrations  '^  | > ^2  .*  ^nd 
Vj  respectively. 


Anharmoni c 

vibrational 

constant  of 

CO. 

Anharmonic 

vibrational 

constant  of 

HCX. 

etc.,  for  all  molecules  listed  under  c. 

(z|)^  Q , ^ ^^3^H20  " First-derivativp  'ipole 

charges  of  HgO  for  respectively  the  V|  , V2  > find  Vj 
normal  vibration. 

(z|)(.Q  > ^^2^C02  ^ ^ First-derivative  dipole 

charges  of  HgO  for  respectively  the  Vj  , V2  ^ and  Vj 
normal  vibration.  (Note  that  (z|)qq  =0.) 
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HCA 


First-derivative  dipolo 
First-derivative  dipole 


charge  of  CO. 
charge  of  HCi, 


etc.,  for  ail  molecules  listed  under  c. 


(M|)h^0  ’ ^^2)h20 

of  H2O  for  the  v j 

> («2)c0j 

of  CO2  for  the  V| 


, (^3)^  Q Vibrational  masses  (amu) 
, , and  Vj  normal  vibrations. 

, - Vibrational  masses  (amu) 

, ^2  > and  Vj  normal  vibrations. 


Vibrational  reduced  mass  (amu)  for  CO. 
Vibrational  reduced  mass  (amu)  for  HC£. 


etc.,  for  all  molecules  listed  under  c. 


( 3)  Electronic  Constants  (see  also  Vol.  II) 

('^1=|)h  0 ' ^'^i  = 2^H  0 * Frequencies  (cm  ')  of 

electronic  excited  levels  i=  I,  i = 2,  ....  in  H2O. 


^^^1=1^00  ^ ^^i=2^C0  ^ = Frequencies  (cm  ) of 

2 2 

electronic  e.xclted  levels  i=l,  i = 2,  ....  in  C0_  . 


(v(=::|)q0  f ^^i^-2'CO  ^ Frequencies  (cm“')  of 

excited  levels  1=1,  1=2^  ....  in  CO. 


etc.,  for  all  molecules  listed  under  c. 
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^^a\\  o)h^O  ’ I^HjO  ' potential 

exponential  coefficients  of  H,0  for  electronic  excited 

levels  '=0  (ground  state),-  1-- i , for  normal 

vibration  a (ct  - I,  2,  3 for  H^O) . 

(Pc<;i::0)c02  * ^^a;l="I^C02  ' " Morse  potential 

exponential  coefficients  of  CO^  for  electronic  excited 
levels  1-0  (ground),  1- I,  ....  , for  normal 
vibration  c (a  = I,  2,  3 for  CO^) . 

^ ^^i-I^CO  * ~ Morse  potential  exponential 

coefficients  of  CO  for  electronic  excited  levels  i 0 
(ground  state),  i=  I,  

(^i^O)^Qj  ) ~ Morse  potential  exponential 

coefficients  of  HCX  for  electronic  excited  levels  i 0 
(ground  state),  i-  I,  

« 

etc.,  for  all  molecules  listed  under  c. 

> ^'■«;i=I^H20  ' " Morse  potential 

equilibrium  separation  (cm)  of  H2O  for  electronic  excited 
levels  1=0  (ground  stats),  1-1,  ....  , for  normal 
vibration  a (o  = I,  2,  3 for  H2O) . 

^'‘a;i=0)c02  ' ^''a;5=I^C02  ' •••  " Morse  potential 

equilibrium  ieparatlon  (cm)  of  CO2  for  electronic  excited 
levels  i=0  (ground  state),  i=l,  ....  , for  normal 
vibration  of  (a  = I,  2,  3 for  C02/. 
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^'"e;i=o)co"  ^^e;i=|)co^  " Morse  potential 

equilibrium  separation  (cm)  of  CO  for  electronic  excited 
levels  i=0  (ground  state),  i=l,  


etc.,  for  all  molecules  listed  under  c. 


(Vd 


a;  i= 


Morse  potential 


dissociation  frequency  (cm  ) of  H^O  for  electronic 
excited  levels  i=0  (ground  state),  i=l,  ...  , for  normal 


vibration  a (a  = I,  2,  3 for  H^O). 


CO, 


= Morse  potential 


dissociation  frequency  (cm  ) of  CO^  for  electronic 
excited  levels  i=0  (ground  state),  i=l,  ...  , for  normal 
vibration  a {a  = 1,  2,  3 for  COg). 


(^di=o)j,p  •’  (^di=o)j.Q  ^ •••  " Morse  potentail 

dissociation  frequency  for  electronic  excited  levels 
i=0  (ground),  i=l,  ...  , for  normal  vibration  a . 


etc.,  for  all  molecules  listed  under  c. 
e.  Atmospheric  Properties 

Atfnospheric  pressure  and  temperature  variations  with  altitude 
strongly  influence  a rocket  radiation  signature.  Atmospheric 
composition  changes  with  altitude  are  also  important  though 
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not  as  influential  as  the  pressure  and  temperature.  Thus  in 
all  radiation  signature  calculations,  one  must  specify  the 
parameters: 

p (h)  = Atmospheric  pressure  (bars)  versus  altitude  h (km). 

O 

T (h)  = Atmospheric  temperature  (°K)  versus  altitude  h (km). 

a 

yw(h),  . . . = Mole  f raction  of  0„  , N_  , ....  of 
2 2 

atmospheric  molecules  and  atoms  versus  altitude  h (km). 

Although  the  above  list  of  inputs  appears  quite  formidable  at  first 
sight,  it  must  be  remembered  that  the  input  data  of  (d)  are  fixed  by  nature 
and  once  available  can  be  stored  permanently  In  a computer  memory.  The 
atmospheric  parameters  under  (e)  are  semi -permanent  and  usual  y a model 
exponential  atmosphere  such  as  shown  in  Figure  2-3  (see  also  Ref.  24)  is 
adequate  for  most  radiation  calculations. 

The  only  purely  rocket-dependent  input  parameters  are  those  listed 
under  items  (a),  (b),  and  (c).  Fo  these,  the  set  of  exhaust  species  listed 
under  (c)  is  surprisingly  constant  for  a given  combination  of  rocket  fuel  and 
oxidizer;  the  typical  values  listed  in  Table  2-3  are  often  adequate  for 
many  radiation  signature  calculations. 

The  mean  molecular  weight  R varies  little  between  fuels  and 
normally  has  a value  between  23  and  28  amu  for  amine,  hydrocarbon,  or  solid- 
fueled  rockets,  and  about  5 amu  for  effect  on  rocket 

radiation  intensity  due  to  variations  In  the  value  of  M over  the  23-28  amu 
range  of  hydrocarbon,  amine,  or  solid  rockets  is  usually  small. 
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The  particular  values  of  some  of  the  parameters  in  the  remaining 
two  groups,  namely  (a)  hardware  constants  and  (b)  trajectroy  six-sets,  can 
effect  the  magnitude  of  a rocket  radiation  signature  substantially.  For 
example  the  gas  coefficient  y,  though  it  only  has  values  between  1.000  and 
1.667,  effects  the  radiant  emission  strength  strongly,  since  it  appears  as  an 
exponent  in  many  terms.  For  most  rocket  exhausts,  y has  a value  that  lies 
within  5 percent  of  y = 1.23.  Trajectories  can  also  strongly  influence  a 
rocket  signature  and  considerably  different  signature  profiles  may  result, 
depending  on  whether  a given  rocket  is  shot  into  a ballistic  depressed, 
lofted,  or  space- in ject ion  orbit. 

In  carrying  out  signature  calculations  for  multi-nozzle  rockets, 
one  often  encounteis  the  problem  of  what  value  one  must  choose  for  the  throat 
diameter  or  nozzle  exit  diameter  , which  is  a key  parameter  in  the 
radiation  equations  (see  section  3.3.8).  In  Appendix  I it  is  shown  that  at 
high  altitudes  an  equivalent  value  ^ defined  by: 


(3.363) 


may  be  used  for  multi-nozzle  rockets,  where: 


= Number  of  nozzles 
= Throat  diameter  of  each  nozzle,  m 


or  more  general ly: 


(3.364) 
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where  (O^).  is  the  throat  diameter  of  each  nozzle  end  the  si.'mmation  is  over 

the  total  number  of  nozzles  N.,  . 

N 

At  the  lower  altitudes  however  Eqs.  (3.363)  and  (3.364)  give  rise 
to  plume  diameters  that  are  too  small,  and  instead  a relation  of  the  form: 


» 


f 


i 


I 


(oj  = Dji  + f(n,F,K)]  , m 
G 


(3.365) 


is  required  (see  Appendix  l).  Here: 


(3.366) 


(3.367) 


K = S|^/D^  (3. <568) 

Here  is  the  separation  between  nozzle  skirts  (see  Appendix  I).  The 
function  f(E,F,  K)  depends  on  the  particular  multi-nozzle  arrangement  as 
follows  (see  also  Appendix  I):* 


a.  Two  Nozzles 


f(E,F,K) 


VP  + K 

F 


''(’These  relations  are  due  to  R.  Chardon. 
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b.  Three  Nozzles  (Tr i angular) 


f(E,F,K)  = 

vT'  + K 

(3.370) 

F cos(rr/6) 

Three  Nozzles  (Linear) 

f(E,F,K)  = 

2 VP  + 2 K 

(3.371) 

F 

Four  Nozzles 

f(E,F,K)  = 

Vi?  + K VP 

F 

(3.372) 

Five  Nozzles  (Cross) 

f(E,F,K)  = 

2 VP  + 2 K 

(3.373) 

r 


f . Five  Nozzles  (Pentagon) 


f(E,F,K) 


VT^  K 
F sin(Tr/TT) 


g*  Six  Nozzles  (Hexagon) 


f(E,F,K) 


ZVP  + 2 K 
F 


(3.374) 


(3.375) 


As  an  approximation  for  all  altitudes,  one  may  take  for  the  effective 
diameter  of  a muitl -nozzle  rocket: 
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(3.376) 


( D ) 

( D ) 

h(o.  - ) + 

h(D  - D ) 

, m , 

' 'n  *g' 

that  is  is  the  larger  of  (D|-)nj  and  (Dt:)Q  calculated  respectively  by 

Eqs.  (3.363)  and  (3.365). 


Since  usually  the  f ield-of-view  diameter  D covers  the  entire 

plume  at  the  lower  altitudes  and  si.'ce  in  this  case  the  view-factor  Fy  is 

insensitive  to  the  value  of  D (only  the  ratio  L /D  - X and  the  aspect 

P P P 

angle  a matter  in  this  case),  no  great  error  results  if  Eq,  (3.363)  is 
assumed  for  all  altitudes  in  the  expressions  for  Fy  . However  for  the 
Mach  Core  calculation  of  which  depends  on  , Eq.  (3.376)  should 
give  an  improvement  over  Eq.  (3.363). 


In  the  theory  developed  above,  several  ad  hoc  approximations  (such 

*=  * I ’'e  3 %;<h  ' "m  ' 2 "e  * 2 “exh  ' 

many  input  parameters  are  often  not  accurately  known.  For  this  reason,  it 
is  profitable  to  carry  out  a sensitivity  analysis  and  determine  the  ''ariance 
of  the  radiant  intensity  J (or  dJ/dX)  as  a function  of  the  uncertainties  in 
the  values  of  trie  various  input  parameters. 


Since  J (or  dJ/dX)  depends  on  many  exponentially  varying  functions, 
the  calculation  of  the  e'ror  or  variance  6J  in  J will  be  based  on  logarithmic 
derivatives  (aJ  = 6(inJ))  rather  than  on  linear  ones.  Then  according  to 
standard  error-analysis  theory: 


(3.377) 
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Here  is  the  value  of  J evaluated  with  input  parameters  x j , Xg  ^ ....  at 
their  nominal  values,  and  the  Ax.  are  the  errors  or  variances  in  the  values 
of  the  X.  . 

I 

Expression  (3.377)  is  not  quite  symmetric  and  applies  strictly  only 
in  the  limit  of  first-order  error  theory,  for  which  J(x.+  Ax.)/J(x.)  = 

= j(x.)/J(x.  - Ax.) . This  latter  equality  is  not  always  well  approximated, 
and  therefore  an  improvement  is  obtained  by  rewriting  Eq.  (3.377)  in  the 
symmetric  form: 


(3.378) 


In  Chapter  4,  examples  will  be  given  of  the  resulting  uncertainty 
in  J due  to  various  uncertainties  in  the  input  parameters  x,  , using 
Eq.  (3.378).  From  such  sample  error  calculations,  an  assessment  may  be 
made  of  how  good  or  bad  such  assumptions  as  = 2/3  + 1/3  sre  in 

calculating  a particular  rocket  radiation  signature.  The  results  indicate 
that  the  simplifying  assumptions  may  lead  to  errors  on  the  order  of  10  to 
20  percent  in  the  signature.  Though  these  errors  may  appear  large  at  first, 
it  should  be  remembered  that  the  trends,  shapes,  and  variations  in  a signa- 
ture curve  are  less  effected  than  the  absolute  values,  since  systematic 
errors  produce  biases  in  the  output  that  are  in  the  same  direction. 

278 


Mia 


June  197^ 


FTD-CW-01  -01-74 
Vol.  I. 


4.  APPLICATIONS  AND  EXAMPLES 


4.  I ROCKET  RADIATION  SIGNATURES 

One  important  application  for  the  relations  developed  in  Chapter  3 
is  the  calculation  of  the  radiant  emission  from  a rocket  as  it  rises  from 
the  launch  pad  Into  space.  The  radiation  history  of  such  an  event,  that  is 
a plot  of  the  radiant  intensity  (in  a certain  wavelength  interval)  as  a 
function  of  altitude  or  time  is  referred  to  as  a rocket  "signature." 


In  Figures  4-1  through  4-4,  TTO  signature  plots*  are  shown  of  the 
radiant  intensity  per  unit  wavelength  range  at  X = 2.74  p-m  for  four  typical 
rockets  and  trajectories.  The  radiation  at  2.74  p,m  is  in  the  Vj  vibrational 
band  of  H2O  and  in  a portion  of  the  band  of  H^O  (centered  at  X=  2.66  pm), 

while  the  X = 4,45  pm  radiation  is  in  the  Vj  vibrational  band  of  CO^  . Thus 
both  are  in  the  strongest  emission  bands  of  H^O  and  CO^  . The  signatures  are 
based  on  Eq.  (3.316)  with  set  equal  to  t^!  = 0 and  the  atmospheric 
transmission  factor  Tr  set  equal  to  Tr  = 1.  That  is,  no  infrared-radiation 
suppressing  molecules  are  assumed  to  be  present,  and  the  signatures  are  "bare." 


Actually  observed  signature  intensities  would  be  equal  to  the  ones 
shown  multiplied  by  Tr(S,h,X)  and  R^(x)  and  integrated  over  X,  that  is: 


^observed  = / (f ) dX 

X, 


Watts 
^ ster 


(4.1) 


■»TT0  = Target  Tracking  Observations  (see  iast  paragraph,  section  3.l). 
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FIGURE  4-1.  CALCULATED  RADIATION  SIGNATURES  OF  BALLISTIC  ATLAS 
ROCKET  IN  2.74  AND  4.45  MICRON  BANDS 
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FIGURE  4-2.  CALCULATED  RADIATION  SIGNATURES  OF  BALLISTIC  TITAN  II 

i » 

ROCKET  IN  2.74  AND  4.45  MICRON  BANDS 

' J 
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FIGURE  4-3.  CALCULATED  RADIATION  SIGNATURES  OF  SPACE-LAUNCHING 
TITAN  3B/AGENA  ROCKET  IN  2.74  AND  4.45  MICRON  BANDS 
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where: 


X I ; X2 
Rg(x) 


^ "Bare"  radiant  Intensity,  -7-"— — 

ster  • M-ni 

(calculated  from  (3.316)  with  Tr  l) . 

Wavelength  band  limits  set  by  sensor  filter 
optics. 

= Sensor  response  curve  (see  Vol.  Vl). 


Tr(\,S,h^,h^)  - Atmospheric  transmission  which  depends  on 

sensor-to-rocket  distance  S,  rocket  altitude 
h , and  sensor  altitude  h (see  Vol.  V). 

V ’ s 


Any  vehicle  body  radiations  in  the  near- i nf rared  can  be  shown  to 
be  small  compared  to  the  plume  emissions  during  a launch,  and  may  thus  be 
conveniently  neglected. 

For  simplicity  it  was  assumed  in  Figures  4-1  through  4-4  that  the 

sensor  views  che  rocket  plume  "side-on,"  that  is  at  a-  90°,  and  thus  with 

a fixed  view  factor  F^(a  = 90°).  Also  the  sensor's  f i el d-of-v iew  diameter 

D at  the  rocket  plume  is  assumed  to  have  a constant  value  D = I km. 
s s 

The  rocket  hardware  parametr- 's,  exhaust  species  distributions,  and 
trajectory  data  used  in  the  calculation  of  the  four  sample  rocket  radiation 
signatures  appearing  in  Figures  4-1  through  4-4,  are  listed  in  Tables  4-1 
through  4-3.  The  standard  1962  USAF-CRL  model  atmosphere  was  used  also 
(see  Figure  2-3,  Ref.  24,  or  Vol.  V)  and  molecular  constants  were  taken  from 
Refs.  47  and  48  as  needed  (see  also  section  3.3.8  and  Vol.  II). 

All  signatures  show  as  main  features  two  (for  two  stages)  or  three 
(for  three  stages)  high  level  regions  separated  by  minimum  radiation  regions 
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between  them.  The  first  high  level  region  occurs  during  first-stage  burning 
and  exhibits  a maximum  point  which  occurs  approximately  where  afterburning 
has  its  peak.  The  first  deep  minimum  region  which  occurs  almost  always  at 
the  beginning  of  second-stage  burning  is  due  to  (l)  decreased  mass  flow  rate 
of  the  second  stage  (compared  to  the  first),  and  (2)  decreased  CD  heating 
since  the  air-relative  exhaust  velocity  (see  Eq.  (3.206))  of  the  exhaust 
goes  through  a zero  point  near  there.  The  second  (and  third)  high-l^vel  j, 
regions  '.<hich  occur  at  high  altitudes  are  due  to  the  fact  that  (l)  CTiRE 
radiation  is  approaching,  or  has  approached,  its  maximum  there  (equal  to 
DSPR  radiation),  and  (2)  CD  heating  is  increasing  again  there,  after  having 
gone  through  its  low  point  in  the  first  deep  trough.  The  vehicle  velocity 
and  thus  the  air-related  exhaust  velocity  is  getting  very  high  again  at  the 
higher  altitudes.  However  CD  heating  at  the  later  stages  is  absent  if  an 
altitude  over  200  Km  is  reached  since  the  air  gets  too  thin  there  to  allow 
a sufficient  number  of  CO  excitations  to  occur  within  the  f ield-of-view  of 
typical  sensors. 

The  importance  of  altitude  on  CD^heat  is  illustrated  vividly  by 
a comparison  of  the  signatures  from  the  ballistic  trajectories  of  the  Atlas 
and  Titan  II  (Figures  4-1  and  4-2)  v^’ch  go  to  an  altitude  of  325  and  360  km, 
and  the  signatures  of  the  orbit  launching  Titan  3B/Agena  and  the  Titan  3D 
(Figures  4-3  and  4-4)  which  only  reach  an  altitude  of  138  and  155  km  (see 
Table  4-3).  The  terminal  vehicle  velocities  of  the  ballistic  rockets  are 
about  = 6.8  km/sec  while  the  orbit  launchers  reach  about  = 8 km/sec. 

The  high  (V^-^^)*  peak  heating  effect  near  burnout  altitude  is  in  the  case 
of  the  ballistic  rockets  not  observed  because  they  are  well  above  200  km 
there.  Instead  the  steady  maximum  level  CORE  radiation  (DSPR  radiation) 
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prevails.  However,  as  may  be  seen  in  Figures  4-3  and  4-4,  CD  heating  is  quite 
significant  for  the  orb i t- 1 aunchers  which  stay  below  200  km  and  as  a result 
show  strong  CD  peaks  towards  the  end  of  the  second  and  third  stage  burns. 

The  last  two  peaks  in  Figures  4-3  and  4-4  are  usually  son  ■ hat  lower 
and  rounded  off  in  actual  observations  since  in  an  orbit  launch  the  rocket  is 
about  to  get  out-of-sight  at  that  altitude,  which  means  that  the  aspect  angle 
is  much  mere  than  (or  less  than)  the  90°  assumed  in  the  calculations.  This 
causes  the  view  factor  F to  drop  below  the  constant  value  of  F (a-  90°) 

V V 

that  was  assum-sd.  The/adcation  level  will  of  course  be  lowered  correspondingly. 

/ 

Only  wiien  the  relati''e  sensor  and  rocket  positions  are  known  accurately,  can 
the  precise  reduction  of  the  radiation  level  by  the  changing  value  of  F^  be 
determined. 

High-altitude  CD  peaks  are  not  entirely  absent  from  the  ballistic 
rocket  signatures  and  appear  as  small  bumps  on  the  otherwise  level  CORE 
radiation  plateaus  in  the  last  portion  of  the  signature  curves. '* **■  The  signa- 
ture curves  shown  are  a little  jagged  (the  high-altitude  CO  bumps  appear  as 
triangles  for  example)  due  to  the  long  time  intervals  of  about  20  seconds  that 
were  taken  in  the  computation  of  the  curves.  Shorter  time  intervals  in  com- 
putation should  yield  smoother  curves. 

An  interesting  difference  between  the  4.45  p.m  CO^  radiation  and  the 
2.74  p,m  H^O  radiation  is  that  the  signature  of  the  former  has  a minimum  that 


*CD  radiation  bumps  or  spikes  can  also  occur  during  stagings  or  when  vernier 
burns  are  executed.  In  both  cases  gas  is  released  with  a higher-than-normal 
alr-reletive  velocity  V(^  , causing  increased  V^-dependent  CD  radiation. 

During  staging,  it  is  th.e  decreased  exhaust  velocity  VL  of  the  "after-belch" 
gases  that  causes  an  Increase  in  V|<  = V^  - . For  the  vernier  burn  it  Is 

the  sidewards  thrust  angle  9 that  causes  = V^  - ^^^(cosg)  to  increase  above 

the  normal  thrusting  value  with  0 = 180°. 
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occurs  much  earlier  than  the  minimum  of  the  latter.  In  fact  for  the  Atlas 
rocket  for  example  an  upswing  in  radiation  is  observed  already  during  first- 
stage  burning,  after  a brief  minimum.  This  is  due  to  the  fact  that  the 
radiative  decay  constant  for  the  CO2  transition  is  about  4 millisecond,  com- 
pared to  about  II  m'lliseconds  for  the  H^O  band.  As  a result,  more  of 
potential  COg  radiation  is  released  in  the  Mach  Core  (before  it  is  mixed 
with  air)  than  HgO  radiation.  Separate  plots  of  only  CORE  radiation  are 
shown  in  Figure  4-5  and  from  these  curves  it  is  clear  why  the  CO^  radiation 
attains  its  maximum  level  sooner  than  the  H^O  CORE  radiation. 

The  prediction  of  an  earlier  CO2  Mach  Core  radiation  peak  compared 
to  the  HgO  Mach  Core  peak  is  a very  sensitive  function  of  the  calculated 
radiative  decay  constant  of  t.  = 4 milliseconds  for  CO^  versus  Tj  = I I 
milliseconds  for  HgO,  as  well  as  the  Mach  Core  dwell  time  , which  appears 
in  the  factor  {l  - exp-(Tj^^/T. )}  • Approximating  errors  in  the  calculation  of 
T||^  may  shift  the  CORE  curves,  but  since  Tj,^  must  be  the  same  for  both  curves, 
the  relative  position  and  slopes  of  the  two  CORE  radiation  curves  should  give 
information  on  the  relative  magnitudes  of  t.  for  the  H„0  and  CO-  bands.  This 
is  valuable  scientific  information,  and  should  encourage  the  simultaneous 
measurement  of  2.74  pim  and  4.45  p.m  rocket  radiation  signatures.  Of  course 
the  measured  radiation  will  be  a composit?^  of  ABCD  and  CORE  radiation  and 
some  analysis  will  be  required  to  extract  the  pure  CORE  contribution. 

The  small  dips  shown  In  the  very  early  parts  of  the  signature 
curves  occur  when  the  ambient  pressure  p = p . This  happens  because  before 

a 6 

the  occurrence  of  these  small  dips  (at  an  altitude  between  3 and  8 km),  the 
exhaust  gas  will  expand  to  ambient  pressure  p !i\;ide  the  nozzle  and  in  this 

d 

case,  p in  the  mixing  ratio  expressions  p.  , (Eq.  (3.  195))  is  given  by  p . 

6 d/6  d 
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FIGURE  4-5.  CALCULATED  PURE  MACH  CORE  RADIATION  (TITAN  II  ROCKET) 
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Thus  fractionally  more  air  cooling  of  the  plume  occurs  relative  to  later 

times  in  the  trajectory  where  p = p = constant  (see  Eq.  (3.196)).  If 

fi  o 

observations  of  rocket  launchings  are  made  from  satellites  such  as  skylab, 
the  early  part  of  the  signature  curve  is  not  seen  however,  because  of  strong 
atmospheric  absorption  of  infrared  rocket  radiation  during  the  lift-off  and 
low-altitude  portion  of  the  trajectory.  Thus  the  first  small  dips  are  usually 
miL.;d  in  satellite-observed  signatures. 

Several  other  inflection  points,  dips,  and  bumps  are  present  in 
the  signature  curves,  some  of  which  depend  critically  on  a particular  physical 
parameter.  However  since  many  of  the  physical  parameters  are  not  exactly 
known,  •'he  predicted  location  of  such  special  features  may  differ  somewhat 
from  vv  is  actually  observed.  It  is  clear  that  an  analysis  of  experimental 
rocket  -Jiation  signatures  could  provide  a wealth  of  basic  data  and  should 
assist  in  verifying,  adjusting,  or  changing  some  of  the  molecular  and  gas 
constants  used,  many  of  which  were  calculated  (e.g.  the  T.)  from  somewhat 
uncertain  data.  Also  some  of  the  approximate  expressions  (e.g.  /qq)  that 
were  used  in  the  theory  given  in  section  3.3  should  be  tested  against  actual 
field  data. 

For  thorough  signature  analyses,  it  is  essential  that  all  "laboratory" 
parameters  are  accurately  known,  since  observational  conditions  can  strongly 
effect  the  signatures.  For  example  the  f ield-of-view  diameter  at  the 
target,  which  was  taken  as  = I km  in  Figures  4-1  through  4-4,  will  cause 
the  sensed  radiant  intensity  to  decrease  as  soon  as  the  plume  length  Lp  and/or 
diameter  Dp  exceeds  = I km.*  Such  "l aboratory- Induced"  effects  must  of 


*For  Dp  , this  occurs  at  about  150  km  (see  Figure  2-6). 
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course  be  recognized  and  properly  accounted  for,  and  cannot  be  ascribed  to 
a high-altitude  physical  process  in  the  plume. 

The  signatures  shown  in  Figures  4-1  through  4-4  exhibit  also  error 
bars  which  are  based  on  Eg.  (3.378)  of  section  3.3.10,  and  the  assumption 
that  certain  input  parameters  have  uncertainties  in  their  values  as  shown 
in  Table  4-4.  Also  shown  in  Table  4-4  ai'e  "influence  coefficients"  which 
give  the  fractional  change  in  J due  to  the  fractional  change  in  one  parameter 
with  all  others  held  constant.  The  figures  in  the  table  show  that  the  gas 
coefficient  y and  the  combustion  chamber  temperature  T^  apoear  to  have  the 
highest  influence  coefficients  as  one  would  expect.  Note  also  that  the 
influence  coefficients  of  W and  q are  linear  as  expected. 

For  variances  in  v > Eq.  (3.378)  which  holds  only  for  small 
perturbations,  's  inadequate  in  certain  regions  of  the  signature  plots. 

For  a Ay  - ±0.0b  variance  for  example,  one  finds  that  near  the  signature 
"trough"  region  + AJ  « 2.5  and  -AJ  0. I . Formula  (3.378)  takes 
AJ-±(2.5J  +0.IJ)/2=±I.3J  , from  which  one  obtains  J - J - AJ  ■■■ 

-0.3  J^  and  J^  - +2.3  J^  . These  results  are  clearly  wrong.  Thus  in 
y-u 1 trasens i t i ve  regions  the  effect  of  variations  in  v should  be  calculated 
separately. 

The  signature  computations  plotted  in  Figures  4-1  through  4-4 

i nc  1 uded  only  emiss  i ons  from  the  fundamental  Av  =1  (l-»0;  2-*  I,  3-*2;...) 

a 

vibrational  transitions  obtained  via  Eq.  (3.316).  Since  overtone  and 
combination-band  emissions  are  much  weaker  and  far  away  from  the  spectral 
regions  considered,  this  is  an  excellent  approximation. 


TABLE  4-4.  ASSUMED  PARAMETER  UNCERTAINTIES  FOR  ERROR  ANALYSIS 
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4.2  PLUME  EMISSION  SPECTRA 

In  addition  to  rocket  radiation  signatures,  that  is  plots  of  the 
band- i ntegrated  radiation  intensity  versus  altitude  or  time,  the  radiation 
expressions  developed  in  Chapter  3 also  are  capable  of  providing  absolute 
emission  spectra  at  any  desired  altitude,  that  is  plots  of  intensity  versus 
wavelength.  Figures  4-6  and  4-7  are  examples  of  such  spectral  plots. 

Figure  4-6  shows  calculations  of  the  infrared  emission  spectrum 
produced  by  the  exhaust  of  a Titan  rocket  (see  Table  4-2)  in  the  2 to  10  p,m 
region,  wtiere  H^O,  CO,  and  CO^  emit  most  strongly.  Only  the  fundamental 
Av^  - I ( I -♦  0,  2 -•  I,  3 -♦  2,  etc.)  vibrational  transitions  are  accounted  for 
in  Figure  4-6.  The  weaker  overtones  and  combination-bands  are  usually  ttot 
noticeable  in  the  2 to  10  p,m  region  where  most  fundamentals  of  H^O,  CO^  , 
and  CO  are  active. 

The  spectrum  shown  in  Figure  4-6  gives  only  the  band  contours,  that 

if  the  minimum  resolution  is  assumed  to  be  several  rotational  line  spacings. 

Detailed  line  spectra  can  also  be  readily  calculated  however  by  use  of  the 

rovibrational  functions  b„  instead  of  b (see  Vol.  II  and  section  3.3.8). 

rov  v 

The  curve''  of  Figure  4-6  are  based  on  the  contour  function  b^  given  in 
section  3.3.8. 

Figure  4-7  shows  the  emission  contour  in  the  UVIS  region  at  high 
altitudes  due  to  SUAR  and  CD  (with  high  V^).  Approximate  vibronic  contour 
functions  were  used  in  calculating  the  curve  shown  in  Figure  4-7  (see 
Eq.  (3.346)  and  the  following  discussion  in  section  3.3.8).  Figure  4-7  gives 
therefore  only  the  gross  features  of  the  UVIS  spectrum  and  should  be 
considered  more  as  an  example  of  what  might  in  general  be  obtained.  At 
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FIGURE  4-7.  CALCULATED  UNATTENUATED  UVIS  SPECTRUM  FROM  AN  AMINE-FUELED  300  KG(F) 
ROCKET  MAKING  A POST-BOOST  MANEUVER  BURN  AT  A THRUST  ANGLE  OF  135  DEGREES 
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present,  fundamental  data  on  vibronic  transitions  (see  section  3.3.10)  are 
somewhat  incomplete.  Without  such  data  it  is  not  possible  to  use  the  more 
accurate  vibronic  contour  functions  developed  in  Volume  II  and  hence  the 
coarse  contour  relations  of  the  for;.i  (3.346)  together  with  the  data  in 
Table  3-6  had  to  be  used  in  arriving  at  the  coarse  UVIS  contour  spectrum  of 
Figure  4-7.  If  and  when  more  complete  vibronic  data  become  available  and 
more  measurements  are  made  to  obtain  such  data,  it  should  be  possible  to 
calculate  better  UVIS  emission  spectra  using  the  more  accurate  vibronic 
and  rovibronic  contour  functions  given  in  Volume  II. 

The  infrared  spectrum  of  Figure  4-6  shows  the  non-attenuated 
rocket  plume  emissions  observable  from  satellites.  Figure  4-8  shows  the 
atmosphere-filtered  spectrum  (see  Volume  V for  atmospheric  transmission) 
corresponding  to  Figure  4-6.  The  atmosphere  contains  a lot  of  H2O  and  CO^ 
and  thus  the  rocket  emissions  in  the  H^O  and  CO^  bands  are  heavily  filtered 
when  observations  involve  a long  atmospheric  path  between  the  observer  and 
the  rocket  (e.g.  for  aircraft-  or  ground-based  sensors).  Because  the  . .haust 
gases  are  hotter  than  the  air  however,  their  emission  bands  are  broader 
since  the  band-spread  is  proportional  to  T (see  for  example  Eq.  (3.341)). 
As  a result,  emissions  in  the  "wings"  of  the  HgO  and  CO^  bands  can  still  get 
through  the  atmosphere.  Of  course  emissions  from  ’'foreign"  exhaust  gases 
such  as  CO  or  HCA  can  get  through  the  atmosphere  even  better.  Both  of  these 
effects  are  clearly  shown  in  the  atmosphere-attenuated  curves  of  Figure  4-8. 
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FIGURE  4-8.  CALCULATED  ATMOSPHERE-ATTENUATED  INFRARED 
RADIATION  SPECTRUM  OF  TITAN-II  SECOND  STAGE 
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4.3  CONCLUSIONS  AND  COMMENTS 

The  theory  developed  in  Chapter  3 provides  reasonably  satisfactory 
relations  for  the  calculation  of  rocket  radiation  "signatures"  and  spectra 
as  shown  in  sections  4.1  and  4.2.  However  the  theory  developed  so  far  does 
not  yield  relations  for  the  detailed  spatial  distribution  of  the  emitted 
radiation,  that  is  the  imagery  of  the  rocket  plume  or  cloud.  Only  gross 
spatial  features  and  shapes  of  the  plume  and  cloud  were  evaluated  as  needed 
for  calculating  view  factors  and  a few  other  space-dependent  parameters. 

The  theory  of  Chapter  3 employed  some  basically  new  approaches 
in  answer  to  the  questions  of;  ( l)  How  many  photons  are  emitted  by  the  piume 
in  total,  and:  (2)  What  is  the  spectral  (vot  spatial)  distri bution  of  these 

photons.  View  factors  were  considered  next  in  order  to  give  an  answer  to 
the  question  of:  (3)  How  many  of  all  the  emitted  photons  of  certain  wave- 
lengths travel  in  a certain  di rection.  However  the  question  of:  (4)  How 

many  photons  with  certain  wavelengths  are  emitted  from  each  unit  surface  area 
of  the  plume  in  a certain  direction  was  not  answered,  since  in  most  applica- 
tions for  which  the  theory  of  Chapter  3 was  developed,  this  information  is 
not  needed.  That  is,  with  the  exception  of  Baker-Nunn  photography  (see 
Chapter  l),  most  rocket  radiation  tracking  sensors  collect  only  spectral 
radiance  information  and  not  imagery. 

In  principle  however  the  spectral  radiance  theory  as  developed  in 
this  volume  of  the  Rocket  Radiation  Handbook  can  be  extended  to  include 
imagery  calculations.  This  requires  a detailed  knowledge  of  the  spatial 
distribution  of  the  exhaust  gas  molecules  in  the  plume  as  well  as  knowledge 
of  the  photon  distribution  in  it.  Volume  III  will  cover  photon  migrations 
and  distributions  in  gaseous  media,  while  Volume  IV  provides  theories  and 
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methods  for  the  calculation  of  rocket  jet  and  plume  structures  and  exhaust 
cloud  expansions.  From  a known  iinolecular  density  distribution  in  the  plume 
as  calculated  via  the  relations  given  in  Volume  IV,  the  internal  photon  dis- 
tribution and  surface  escape  flux  distribution  can  be  obtained  next  by  means 
of  the  theory  provided  in  Vc'ume  III.  Once  the  photon  escape  flux  distri- 
bution is  known  as  a function  of  plume  surface  position  for  a particular 
plume,  the  radiant  intensities  at  any  point  on  the  surface  of  the  plume  can 
be  calculated  of  course,  starting  with  the  known  total  emission  rate  and 
spectral  distribution  obtained  with  the  theory  given  in  Chapter  3.  Thus 
imagery,  or  the  spatial  distribution  of  the  emitted  rocket  radiation  is  in 
principle  calculable  as  well. 

It  should  be  noted  that  the  above-outlined  procedure  follows  steps 
that  are  the  reverse  of  those  used  in  mo>t  other  rocket  radiation  signature 
calculations.  They  usually  start  with  plume  surface  emittance  calculations 
based  on  a surface  temperature  distribution  that  is  computed  from  some  fluid 
dynamic  model  of  the  jet  pr  plume.  The  unit  surface  emittances  are  then 
summed  in  order  to  obtain  the  total  radiation  from  the  plume.  Thus  one 
begins  in  these  techniques  with  the  most  complex  problem  namely  that  of 
finding  an  answer  to  the  intensity,  spectral,  directional,  and  spatial  dis- 
tribution of  nlume  emission  all  at  once.  Having  obtained  such  an  answer 
by  means  of  numerous  approximations,  one  then  integrates  out  and  "loses"  all 
spatial  information  since  it  is  not  needed.  In  the  approach  developed  in 
Chapter  3 on  the  other  hand,  only  an  accounting  of  tota'  emission  intensity 
and  spectral  distribution  Is  developed,  while  directionality  is  added  later 
via  the  view  factor  formalism.  This  approach,  it  would  appear,  is  in  prin- 
ciple less  redundant  and  should  give  more  accurate  results,  even  though  it 
also  makes  use  of  vfrious  inevitable  approximations. 
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In  developing  the  explicit  radiation  equations  of  Chapter  3, 
several  ad  hoc  or  coarse  approximating  assumptions  were  employed  such  as 

^M  "f^e^3^exh  = 2 ''e  ^ 2 ''exh  ‘ Such  approximations  are 

mathematically  and  physically  not  elegant  and  future  efforts  should  be 
directed  towards  obtaining  more  exact  expressions  for  these  bulk-averaged 
parameters.  Nevertheless,  the  savings  in  calculational  effort  that  such 
simple  approximations  afford  are  immeasurable  and  much  to  be  preferred  over 
schemes  that  involve  detailed  flow-field  calcuntions. 

The  fading  of  the  CD  mechanism  at  high  altitudes  due  to  the 
disappearance  of  an  atmosphere,  which  was  handled  by  the  "fade-out"  factor 
/pp  (Eq.  3.239),  should  also  be  examined  in  more  detail.  Similarly  use  of 
the  "smoothing  factors'^'  exp-(x|^^/T j)  which  let  in  deep  space,  should 

be  further  scrutinized. 


Another  area  finally  that  needs  further  examination  is  the  effect 
of  radiant  and  molecular  energy  exchange  between  solid  particles  and 

gas  molecules  in  the  exhaust  plumes  of  solid  rockets.  Q.ual  i tatlvely  one  may 
expect  that  the  particles  will  act  in  the  manner  of  an  added  capacitance  and 
delay  the  ultimate  release  of  the  exhaust  gas  energy  via  radiation.  Thus  the 
effective  radiative  plume  length  of  two-phase  plumes  with  entrained  particles 
should  be  somewhat  longer  chan  the  length  of  a purely  gaseous  plume. 


Another  difference  between  purely  gaseous  plumes  and  plumes  that 
have  entrained  particles  is  that  the  particles,  if  heavy  enough,  will  col- 
lectively form  a tighter  jet  or  beam  with  a smaller  flare  angle  than  that  of 
the  gaseous  jet  (Ref.  16).  This  separation  of  particle  and  gas  flow  should 
become  more  and  more  noticeable  at  the  higher  altitudes  where  the  gaseous 
jet  has  a very  large  flare  angle. 
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Because  of  the  energy  conservation  law,  the  total  radiation 
emitted  from  a'  plume  containing  particles  should  of  course  be  the  same  as 
that  from  a pure  gaseous  plume  but  due  to  the  effects  mentioned  above,  the 
emission  froni  a particle-laden  plume  will  be  distributed  over  a slightly 
longer  equivalent  cylinder.  In  addition  to  this  modified  spatial  BTstri- 
bution,  the  preience  of  particles  should  also  tend  to  change  the  otherwise 
pure  molecular  spectrum  towards  a continuous  Planckian  spectrum.  The 
resultant  spectrum  from  a two-phase  plume  should  lie  therefore  between  a 
Planckian  and  nxslecular  distribution  of  photon  frequencies. 

All  the  above  two-phase  flow  effects  should  be  of  second  order 
however  and  the  radiation  as  calculated  by  the  formulas  given  in  Chapter  3 
should  still  be  good  to  first-order  for  most  solid-rocket  plumes,  particularly 
if  observations  are  made  in  or  neer  the  stronger  molecular  emission  bands. 

One  final  comment  that  must  be  made  here,  is  that  it  was  tacitly 

assumed  in  the  theory  of  Chapter  3 that  the  radiative  decay  times  Tj  of  the 

excited  levels  under  consideration  are  much  less  than  the  view  time  = 

= V,,/0  . That  is  we  must  have  that  t.V.VD  « I.  If  this  is  not  so,  as 

Vs  I V s 

for  example  in  the  case  of  microwave  emissions  from  pure  rotational  transi- 
tions, witere  Tj  ~ minutes,  the  radiant  emission  expressions  give  in  Chapter  3 
must  be  multiplied  by  the  factor: 


T . 
I 


\l 


V 


0 

s 


for  target-tracking  observations 


(4.2) 


and: 


V p 

e ^esc 


D 

s 


for  integrated-cloud  observations  (4.3) 
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Here  t.  is  the  radiative  decay  time  of  level  i>  is  the  rocket  vehicle 

velocity,  v^  is  the  mean  kinetic  velocity  of  an  exhaust  molecule,  and 

p = p (D  ) is  the  probability  of  escape  of  an  exhaust  molecule  from 
^esc  ^esc  s' 

the  f ie 1 d-of-view  of  diameter  . Usually  the  condition  T.Vy/D^  « I is 
met  however  and  the  corrections  (4.2)  or  (4.3)  are  unnecessary. 
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APPENDIX  A 

REFLECTIVITIES  AND  EMISSIVITIES  OF  TYPICAL  MATERIALS 

t 


As  stated  in  section  3.1,  the  irradiance  received  at  a sensor  from 
an  illuminated  or  se  1 f-emi  tt  i n.g  object  in  space  depends  on  four  parameters, 
namely  cross-section,  illumination  or  se 1 f-emi ss i on  intensity,  reflectivity 
or  emissivity,  and  the  distance  between  the  target  and  the  observer.  In 
this  appendix  we  shall  consider  the  material  effects  of  the  target's  surface, 
namely  the  reflectivity  p and  emissivity  e. 

For  most  space  objects  of  interest,  one  has  that  the  transmiss i vi t / 
T = 0,  and  in  this  case  Kirchhoff's  law  states  that  the  absorptivity  0=6, 
so  that: 

’ ' e = I - p (A. I) 

Both  e and  p depend  on  wavelength  X and  temperature  T: 

e = e(X,  T,)  (A. 2) 

In  textbooks  on  optical  physics,  <:  and  p are  also  considered  to  depend 
on  the  angle  of  incidence  0.  For  example  for  smooth  surfaces  whose  rough- 
ness i less  than  the  wavelength  X , so-called  "specular"  reflection  occurs, 
n 

and  the  angular  dependence  of  e or  p in  the  case  of  a non-conductor  may 
be  derived  from  the  relation: 

t 
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— (0  - x)  I I cos^  (0  ^ X ) I 

° ^ sin*  {0  +y)  ( cos*  {(f)  -X  ) 


where: 


s I n 


-I 


(A. 3) 


(A. 4) 


0 = angle  of  incidence 

m = refractive  index  of  surface  material 


In  the  case  of  conductors^  the  specular  reflectivi  y can  be  approximated  by: 


60  X - 2 n/30  CT  X'  cos  0 + cos*  0 
60  X + 2 -n/sO  o X^  cos  0 + cos*  0 


(A. 5) 


60  g X cos*  0-2  VSO  a X^  cos  0 + I 
60  g X cos  *0+2  V3O  g X^  cos  0 + I 


(A. 6) 


where: 

X = w 

g = electrical  conductivity,  ohm-cm 

p - reflectivity  for  light  with  polarization 

perpendicular  to  plane  of  incidence 

p = reflectivity  for  light  with  polarization 

parallel  to  plane  of  incidence 


0.5  p 


// 


. Annth . rm 


(A. 7) 


> 


306 


June  197^ 


FTD-CW-01-01-74 

Vol.  I 


i 


» 


» 


f 


t 


i 


reflectivity  of  unpolorized  light 

Equations  (A. 5)  and  (A. 6)  are  valid  for  wavelengths  X above  five  microns 
as  verified  by  experiment,  but  may  be  used  down  to  two  microns.  Below  this 
the  assumption  of  Ohm's  law  used  in  the  derivation  of  (A. 5)  and  (A. 6)  becomes 
invalid  and  absorption  resonances  become  important  (see  Figure  A-l). 

In  Figures  A-2  and  A-3,  curves  are  given  of  e - I - p as  a 
function  of  angle  of  incidence  (j  , based  on  Eqs.  (A. 3)  and  (A. 7)  for  various 
metals  and  conductors.  Figure  A-l  gives  the  reflectance  at  normal  incidence 
(fill  = 0)  of  a number  of  metals.  For  strongly-transmitting  surfaces,  e can  no 
longer  be  obtained  via  Eq.  (A. l)  and  the  relations  (A. 3)  or  (A. 7).  However, 
as  stated,  such  materials  are  rarely  used  on  spacecraft  outer  structures. 

For  surfaces  which  have  irregularities  (roughness)  of  dimensions 
large  compared  to  the  wavelength,  the  reflectivity  p (or  emissivity  e)  will 
no  longer  follow  the  relations  (A. 3)  or  (A. 7),  and  the  angular  dependence  of 
p is  the  average  of  that  due  to  a large  number  of  randomly-oriented  surface 
elements  on  and  between  which  not  only  one  but  often  several  reflections  can 
take  place.  For  a large  number  of  rough  surfaces,  one  finds  that  the  angular 
dependence  of  the  reflectivity  of  the  surface  follows  a cosine  distribution, 
being  highest  in  a direction  normal  to  the  surface  and  falling  off  to  zero 
at  grazing  incidence.  Such  surfaces  are  said  to  be  "diffuse"  or  "Lambertian" 
reflectors.  Still  other  surfaces  exist  (such  as  a surface  made  up  of  many 
shiny  small  spheres)  which  reflect  "isotropically,"  that  is  all  incident 
or  self-generated  light  Is  reemltted  with  equal  probability  in  all  directions 
and  thus  p is  constant  and  independent  of  0. 
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FIGURE  A-l.  REFLECTANCE  OF  FRESHLY 
EVAPORATED  FILMS 
(After  Ref.  22) 


FIGURE  A-2.  ANGULAR  DEPENDENCE 
OF  EMITTANCE  OF  METALS 
(After  Ref.  22) 


FIGURE  A-3.  ANGULAR  DEPENDENCE 
OF  EMITTANCE  OF  NONCONDUCTORS 
(After  Ref.  22) 
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Instead  of  assuming  P (or  c)  to  depend  on  the  angle  of  incidence  0, 
we  shall  incorporate  all  angular  dependences  for  specular,  diffuse  or  iso- 
tropic reflection,  in  the  expression  for  the  cross-section  which  as  we  have 
stated  in  section  3.1  should  contain  by  definition  all  geometrical  effects. 

The  value  for  p to  be  used  in  all  relations  in  this  monograph  will  therefore 
be  that  for  normal  incidence,  that  is  p = p(0^O) , For  diffusely-reflecting 
surfaces  this  value  of  p is  best  determined  experimentally  (it  is  not  equal 
to  p(0-O)  for  a specularly-reflecting  surface).  Such  experimental  values  of 
p (or  e)  for  diffuse  surfaces  are  given  in  Figures  A-l,  and  A-4  through  A-IO, 
and  in  Tables  A-l  through  A-4. 

For  most  spacecraft  the  surface  is  close  to  that  of  a diffuse 
reflector  and  thus  values  for  e and  p should  be  taken  from  Tables  A-l  and  A-.’ 
and  Figures  A-4  through  A-IO.  Together  with  the  diffuse  cross-sections  given 
in  section  3.2,  these  values  for  p and  e then  give  the  radiant  Intensity  of 
a space  object. 

Data  on  the  spectral  temperature  dependence  of  e or  p are  rather 
scarce.  In  many  calculations,  variations  of  e or  p with  temper^pture  are' 
neglected  and  values  at  T = 300  °K  are  assumed  to  apply.  In  Figures  A- I I 
through  A- 14,  the  spectral  temperature  dependence  of  e for  various  types  of 
steel  surfaces  are  shown.  These  curves  Indicate  that  the  value  of  e may 
change  by  as  much  as  50  percent,  in  going  from  900°  F (482°C)  to  1800°  F (982°C). 

The  total  (Infrared)  spectrum- i ntegrated  emissivity  changes  with 
temperature  have  been  measured  more  extensively  for  various  materials. 

Figures  A- 15  through  A-23  and  Table  A-4  show  some  of  the  published  data  on 

the  change  of  e = y^[de(x)/d>,]  dX  with  temperature. 
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FIGURE  A-4.  TYPICAL  SPECTRAL  REFLECTIVITIES  OF  SPACE  VEHICLE  SURFACES 
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FIGURE  A-5.  SPECTRAL  REFLECTIVITIES  OF  ALUMINUM 


SURFACES.  A = evaporated 
polished  606I-T6  aluminum; 
(0,2  p.)  on  l/4-mil  Mylar 
(looking  at  aluminum); 
(0.2  p,)  on  l/4-mil  Mylar 
( looking  at  Mylar) . 


aluminum,  25  p,inch  on 
B = evaporated  aluminum 
crumpled  and  stretched 
C ^ evaporated  aluminum 
crumpled  and  stretched 


WAVELENOTH  (u) 


FIGURE  A-6.  SPECTRAL  REFLECTIVITIES  OF  ALUMINUM 
SURFACES.  A = chromic  acid  anodize  on  24S-T8 1 
aluminum;  B=  sulfuric  acid  anodize  on  24S-T8I 
extruded  aluminum,  chemically  milled;  C=  hard 
anodize  (l  mil)  on  606I-T6  aluminum  (35  amp  ft"2^ 
45  volts,  20°  F). 
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FIGURE  A-7.  spectral  REFLECTIVITIES  OF  COPPER  SURFACES. 
A = polished  copper,  17  mils  thick;  B = Tabor  solar 
collector  ctiemical  treatment  ( I IO-3O)  on  nickel -plated 
copper;4  C Tabor  solar  collector  chemical  treatment 
( I25-3C*  on  n ickel -plated  copper. 


FIGURE  A-8.  SPECTRAL  REFLECTIVITIES  OF  GOLD  SURFACES. 
A = immersion  gold,  approximately  0.03  mil,  on  nickel- 
plated  copper  plate  on  606I-T6  polished  aluminum,  aged 
6 months  in  air,  unpolished;  B = vacuum-evaoorated  gold 
on  fiberglass  laminate;  C = gold  ash  (80  p)  on  0.4-mil 
silver  on  Epon  glass;  0 = white  gold  on  polished 
MIL-S-5059  steal,. 
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WAVELENGTH  (m) 

FIGURE  A-9.  SPECTRAL  REFLECTIVITIES  OF  SILICON 
SURFACES,  A = silicon  solar  cell  of  International 
Rectif'er  Corp;  B = silicon  solar  cell,  Inter- 
national Corp.  I.ll-p,  evaporated  coat,  SiO-fast 
deposition  rate;  C = silicon  solar  cell,  Hoffman 
Corp.  Type  120-C,  3-mil  glass  cover. 


■t 


T 

FIGURE  A- 10.  SPECTRAL  REFLECTIVITIES  OF  PAINTED 
SURFACES.  A = flat  white  paint.  Fuller  No.  2882 
on  2-mil  polished  aluminum;  3 = white  epoxy  resin 

paint  of  Mg;  C = flat  white  acrylic  resin, 

f Sherwin-Williams  M49WC6-CA- 10 i44;  MIL-C-I5328A 

^ 9 pretreatment  wash  coating  on  22-mil  301  stainless 

& steel  1/2  hard;  D = white  paint  mixed  with 

K powdered  glass,  7-mil  on  polished  aluminum. 
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TABLE  A-2.  NORMAL  SPECTRAL  EMISSIVITIES  AT  295°K 


(Wavelength  in  microns) 
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0 
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u2 

1) 
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0 03 

0. 
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iO 

02 

02 
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Muterial 

0.50 

0.00 

0.60 

Aniimony 

0 47 

0 46 

Chromium 

0.45 

0 44 

Cobfth 

0 50 

0 28 

Copper,  eieetrotytically  depo«jted 

0 47.0  17 

Copper,  conimercittUy  pur* 

0 56,0  28 

OtiUl 

. . 

Gold,  electrolytically  depo«tt*d  -. 

0 .tajo  16 

0 78  0 7A 

0 75 

.... 

0.45 

0.43 

L,«*d 

M&ci^e*ium 

0.28 

0.27 

0.26 

Molybdenum 

0 55 

0 52 

0.48 

Nickal 

Nickel.  elcetrolyticeUy  depoeited 

0 30 
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0.36 
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0.23 
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0.68 

0.71 
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0.07 

Silvsr.  eh*ml«ally  <lapo«it«d 

0.09 
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0.62 
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0.36 

0.61 

0.52 
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. 

0 t8 

0.43 

0.41 
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0 15 
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O.ll 

0 10 
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0 18 
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table  a-4.  total  normal^  EMISSIVITY 


Material 

Temp., 

°K 

Eraissivity 
(total  normal) 

Alummum,  ani:ealcd  (clectropoliahcd) 

lOOOf 

0.07 

600 

0.04 

300 

0.03 

300 

0.018  (Te-K) 

300 

0.011  (4‘K) 

Aluminum  oxide  layer: 

0.25m  thick 

311 

0.06 

0.50m  thick 

311 

0.11 

1.0m  thick 

311 

0.30 

2.0m  thick 

311 

0.66 

3.0m  thiok 

311 

0,70 

4.0m  thick 

311 

0.70 

7.0m  thick  — 

311 

0.75 

Aluminum  lacquer  layer: 

O.Sm  thick 

311 

0.05 

1.0m  thick 

311 

0.08 

1.6m  thick 

311 

0.16 

2.0m  thick 

311 

0.30 

3.0m  thick 

311 

0.38 

4.0m  thick 

311 

0.41 

6.0m  thick 

311 

0.46 

311 

0.67 

Aluminum: 

Commercial  plate 

373 

0.09 

Commercial  plate,  polished 

373 

0.05 

Commercial  plate  dipped  in  UNO, 

373 

0.05 

Commercial  plate  dipped  in  hot  hydroxide. . 

373 

0.04 

Al  vaporixed  on  0.0005-in.  Mylar  plastic  {both  sides) 

300 

0.04  (76'K) 

Antimony 

295 

0.28 

lOOOt 

0.3 

373 

0.06-0.19 

BraM: 

373 

0.03 

Rolled  plate 

300 

0.06 

Shim  stock  66/35 

206 

0.029  (70°K) 

208 

0 018  (4"K) 

Oxidized 

600 

0.60 

373 

0.60 

Cadmium 

300 

0.02 

Electroplate  (mossy) 

205 

0.03  (76°K) 

300-1000 

0,08-0,201 

Plated  on  copper 

300 

0.08  (7G”K) 

Plated  on  iron 

370 

0.08 

205 

0.03 
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TABLE  A-4. 


TOTAL  NORMAL  EMISSIVITY  (Cont.) 


I 


Mnterial 

Temp., 

‘K 

Kmissivity 
(total  normal) 

Copper: 

Hlack  oxidized 

300 

0.V8 

Scraped 

300 

0 07 

Conimcrcial  polish 

.300 

0.03 

I'lcctrolvtic,  careful  polish 

:153 

0 018 

Electrolvtie,  careful  polish 

295 

0.015  (70“K) 

Chromic  acid  dip 

295 

0.017  (7C°K) 

I’ulished . 

295 

0.019  (76'K) 

Liquid  honed 

295 

0.088  (76'K) 

Klcctrolytic  polish 

295 

0.006  (4*K) 

Mechanical  polish 

295 

0.015  (4*K) 

Carefully  prepared  surface  of  pure  Cu 

295 

0 OO8(0O°K) 

Gold 

300-1 400 t 
295 

0 02-0. 03 J 

0.001 5>in.  foil  (on  glass  or  Lucite  plastic) 

0 01  (76*K) 

0.0005-in.  foil  (on  glass  or  Lucite  plastic) 

295 

0.016  (76'K) 

0.000040-in.  Toil  (on  glass  or  Lucite  plastic) 

295 

0.023  (76'K) 

O.OOOClO-in.  leaf  (on  glasc  or  Lucite  plastic) 

205 

0.063  (76'K) 

■4u  vaporized  onto  2 sides  of  0.0005-in.  Mylar  plastic 

295 

0.02  (76'K) 

.\u  p'lte  0.0002  in.  ou  stainless  steel  (1  % Ag  in  Au) . . 

295 

0 025  (76'K) 

Au  plate  0.0001  in.  on  stainless  steel  (1%  Ag  in  Au) 

205 

0.027  (70'K) 

Au  [il.ite  0.00005  in.  on  stainless  steel  (1%  Ag  in  Au) 

295 

0.027  (76'K) 

Au  plate  0.0002  in.  on  copper  (1%  Ag  in  Au) 

205 

0 025  (76'K) 

Iridium 

295 

0.04 

Iron; 

Electrolytic 

450-500 

0.05-0.065t 

533 

0.07 

373 

0.06 

295 

0.05 

300 

0 017  (OO'K) 

Oxidized 

1600 

0.89 

373 

0.74 

Cast  iron,  polished 

311 

0.21 

Cast  iron,  oxidized 

311 

0.63 

Cast  iron,  oxidized 

533 

0.66 

Cast  iron,  oxidized 

811 

0.76 

Iron  sheet,  rusted  rod 

295 

0.69 

Galvanized  iron 

305 

0.07 

Stools: 

Stainless,  polished 

373 

0,08 

Stainless,  type  302 

300 

0.048  (76'K) 

Stainless,  oxidized 

300-1000 

0.79t 

Lead; 

Unoxidized,  polished 

400-600 

0.C57-O,076t 

Unoxidized,  polished 

373 

0 05 

0.004-in.  foil 

295 

0.036  (76'K) 

295 

0,011  (4'K) 

r 
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TABLE  ^-4.  TOTAL  NORMAL  EMISSIVITY  (Cont.) 


Material 


O^idiied  at  47:riC 
Gray  oxi<liz(.'d. . . . 

Red  lead 

Magnesium 


Manganin,  briglu  rolled 


Mercury 

Molybdenum 


Nickel: 

Electrolytic 


Poliahed 

Bright  matte 

0.004-in.  foil 

Electroplatcvl  011  iron  and  iwlished 

Electroplated  on  pickled  iron  and  unpolished 

Electroplated  on  copper 

Oxidized 

Oxidized 

Palladium 

Platinum 


Rhodium 

Plated  on  stainless  steel 
Silver 


Tantalum 


Temp., 

•K 

Em  '■•dty 

(total  normal) 

473 

0.63 

205 

0.28 

373 

0.93 

205 

0.07 

533 

0 . 13  (OOO-K) 

811 

0.18  (205“K) 

1000 

0.21  (OOS-K) 

301 

0.018 

205 

0.076  (295°K) 

295 

0.073  (90“K) 

273-373 t 

0.09-0.121 

2300 

0.24 

1800 

0.19 

1300 

0.13 

373 

0.07 

295 

0.06 

811 

0.10 

633 

0.07 

311 

0.06 

295 

0.04 

395 

0.045 

395 

0.0 11 

295 

0.022  (70°K) 

298 

0.045 

295 

0.11 

300 

0.03  (76°K) 

1500 

0.85 

500 

0.37 

295 

0.03 

1367 

0.18 

811 

0.10 

633 

0.06 

373 

0.05 

295 

0.03 

200 

0.016  (a5“K) 

295 

0.05 

295 

0.078  (76’K) 

811 

o.oa 

373 

0.025 

295 

0 022 

273 

0.02 

205 

0.008  (76“K) 

2300 

0.26 

1800 

0.21 

205 
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TABLE  A-4.  TOTAL  NORMAL  EMISSIVITY  (Cont.) 


r 


Material 

Temp., 

“K 

Emissivity 
(total  normal) 

Telluritim 

295 

0 22 

Tin 

373 

0.05 

0.001-in.  foil 

295 

0.013  (76°K) 

295 

0.012  (4“K) 

1%  indium 

295 

0.0;2  (I'K) 

5%  indium 

295 

0.017  (4°K) 

Tinned  iron  nheet 

297 

0.064 

Tungaten,  filament 

2300 

0.28 

1800 

0.23 

1300 

0.15 

800 

0.088 

500 

0.053 

300 

0.032 

300 

0.019  (85°K) 

205 

0.05 

295 

0.026  (76*K) 

Solder,  50-50  solder  on  Cu 

295 

0.032  (76°K) 

Stellite 

293 

0.11 

Monel  metal: 

Polished 

811 

0.10  (295'K) 

1367 

0.16  (295'K) 

Smooth,  not  polished 

366 

0.16 

Everdur,  dull 

366 

0.11 

Copper-nickel 

373 

0.059 

W&ter 

273-373 

0.92-0.96} 

Ice: 

Smooth,  HiO 

273 

0.96 

Rough  crystals 

273 

0.985 

Glass 

293 

0.94 

Lacquer: 

Vt^ito 

373 

0.925 

Black  matte 

373 

0.97 

Oil  paints,  all  colors .' 

273-373 

0.92-0.96} 

Enamel 

205 

0 90-0.95 

Candlesoot 

273-373 

0.952 

Plaster 

273-373 

0.91 

Paper 

373 

0.02 

Rubber,  hard,  glossy  plate 

207 

0.945 

Quarts  (fused) 

205 

0.932 

t Liquid  pliftM. 

iLiuetr  iourpolfttioa  fairly  aeeuratc 
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FIGURE  A-ll.  SPECTRAL  EMITTANCE  CURVES  AT  900°F 
FOR  TYPE  32!  STAINLESS  STEEL  SPECIMENS  WITH 
DIFFERENT  SURFACE  TREATMENTS  (COATING  THICKNESS 
APPROXIMATELY  2 MILS).  (Ref.  22) 


FIGURE  A- 12.  SPECTRAL  LMITTANCc  CURVES  AT  I800"*F 
FOR  TYPE  321  STAINLESS  STEEL  SPECIMENS  WITH 
DIFFERENT  SURFACE  TREATMENTS  (COATING  THICKNESS 
APPROXIMATELY  2 MILS).  (Ref,  22) 
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FIGURE  A- 13.  SPECTRAL  EMITTANCE  CURVES  AT  900“ F FOR 
INCONEL  SPECIMENS  WITH  DIFFERENT  SURFACE  TREATMENTS 
(COATING  THICKNESS  APPROXIMATELY  2 MILS).  (Ref.  22) 


FIGURE  A- 14.  SPECTRAL  EMITTANCE  CURVES  AT  i800°F  FOR 
INCONEL  SPECIMENS  WITH  DIFFERENT  SURFACE  TREATMENTS 
(COATING  THICKNESS  APPROXIMATELY  2 MILS).  (Ref.  22) 
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FIGURE  A- 15.  NORMAL  TOTAL  EMISSIVITY  AND  TOTAL  SOLAR 
ABSORPTIVITY  OF  INCONEL  X.  (Note:  temperatures  are 
those  to  which  samples  had  been  heated  before  tests.) 


FIGURE  A- 16.  HEMISPHERIC  TOTAL  EMISSIVITY  AND  TOTAL 
SOLAR  ABSORPTIVITY  OF  MOLYBDENUM 


FIGURE  A- 17.  NORMAL  TOTAL  EMISSIVITY  AND  TOTAL  SOLAR 
ABSORPTIVITY  FOR  K-MONEL.  (Note:  temperatures  are 
those  to  which  samples  had  bean  heated  before  tests.) 
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FIGURE  A- 18.  NORMAL  TOTAL  EMISSIVITY  AND  TOTAL  SOLAR  ABSORPTIVITY  FOR 
301  STAINLESS  STEEL.  (Note.  All  measurements  made  at  I00°F. 
Temperatures  are  those  to  which  samples  had  been  heated  previous  to  tests.) 
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FIGURE  A- 19.  N0Rr.AL  TOTAL  EMISSIVITY  AND  TOTAL  SOLAR  ABSORPTIVITY  FOR 
316  STAINLESS  STEEL.  (Note:  All  measurements  made  at  iC0°F. 
Temperatures  are  those  to  which  samples  had  been  heated  previous  to  tests.) 


o 

H 


FIGURE  A-20.  NORMAL  TOTAL  EMISSIVITY  AND  TOTAL  SOLAR  ABSORPTIVITY  FOR 
347  STAINLESS  STEEL.  (Note:  All  measurements  made  at  |00°F. 
Temperatures  are  those  to  which  samples  had  been  heated  previous  to  tests.) 
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FIGURE  A-21.  NORMAL  TOTAL  EMISSIVITY  FOR  18-8  STAINLESS  STEEL 


I 


B 5 


FIGURE  A-22.  HEMISPHERICAL  TOTAL  EMISSIVITY,  NORMAL  TOTAL 
EMISSIVITY,  AND  TOTAL  SOLAR  ABSORPTIVITY  FOR  TANTALUM 


FIGURE  A-23.  HEMISPHERICAL  TOTAL  EMISSIVITY  OF  TUNGSTEN 


325 


June  1974 


FTD-CW-01-01-74 
Vol.  I 


APPENDIX  B 

SPECTRAL  CHARACTERISTICS  OF  BLACKBODY  RADIATORS 
AND  SELECTED  ILLUMINATORS 


In  this  appendix  the  illuminance  H or  blackbcdy  emittance  W„„  is 

DD 

considered,  which  Is  needed  in  the  radiant  emission  expressions  for  vehicle 
body  radiations.  We  shall  consider  first  radiation  emitted  by  blackbodies 
in  section  B. 1 and  then  illumination  sources  in  section  B.2. 

B. I BLACKBODY  RADIATORS 

According  to  Planck's  Law,  the  emission  ''om  a blackbody  can  be 
expressed  by  the  relation  (Refs.  2 and  35): 


3.74  1294  X 10®  Watts 


dW(X,T)  ^ 2tt  he® ^ 

X®  exp|hc/(kXT)|  - I X®  exp(  I4,388.6/XT)  - ij  • pm 


(B.  1) 


■“27 

where  X is  the  wavelength  in  pm,  T is  in  K,  and  we  used  h - 6.6252  x 10 
erg-sec,  c - 2.’,  9793  X 10 cm/sec,  k = 1.3804  x 10  erg  °K  The 

total  radiation  from  all  wavelengths  is  given  by  the  S tef an-Bol tzman  relation: 


00 

W*  ^ = f dx  = 5.679  X lO"®  T*  , 

tot  J cX 


X=  0 


Watts 


m 


(B.2) 


The  maximum  value  of  dW/dX  is  given  by: 


= l."90x  10“"  T®  , 

\ dX  m^  . pm 


(B.3) 
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Tlie  wavelength 
1 aw: 


X a t wh  i c h 
max 


dX 


is  given  by  Wien's  displacement 


X T = 2897.8  pm  • °K 
max 


(B.4) 


Values  for  the  total  radiation  from  all  wavelengths  between  0 and  X , that 

X 

is  W(X^T)  = J'  dW(X,T)  are  tabulated  in  Table  B-l,  while  Table  B-2  lists 
0 00 

values  for  W.  . = J"  dW(X,T)  and  W 

tot  ma.v 


The  total  radiation  in  any  wavelength  interval  between  Xj  and  X2  ^ 
H(X|-X2>T),  can  be  obtained  from  Tables  B-l  and  B-2  from  the  equation: 


W(X2-X|,T)  = W(X2,T)  - W(X,,T) 


(B.5) 


Instead  of  the  Planck  function  (B.l)  which  gives  the  emitted  spectral 
radiance  per  unit  wavelength  interval,  the  radiance  per  unit  wavenumber 
interval  is  often  useful: 


dv 


dW  dX  2rr  hev^ 1 .24796  x 10  Watts 

|exp(hcv/kT)  - l|  [ exp(  1 .43886  v/T)  - l] 

(B.6) 


The  spectral  radiance  per  unit  solid  angle  or  spectral  "s terad i ance" 
is  given  by  (Ref.  2): 


N^(X,T,n)  = 


dX 


• f(n) 


Watts 

m* • pm  • ster 


(B.7) 
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TABLE  B-l.  BLACKPODY  RADIATION  FUNCTIONS 




XT, 

p,m  • deg 

dW/dX 

} 

0 

dVl 

dX 

- dX 

XT, 

lim  • deg 

dW/dX 

X 

/ dW 

- dX 

(dW/dX) 

iiax 

00 

/ 

0 

dW 

(dW/dX) 

max 

00 

f dW 

O*'  dX 

- dX 

500 

2.999 

X 

10“’ 

1.316 

X 

10-^ 

800 

1.382 

X 

10-^ 

1.657  X 

10-5 

510 

4.775 

X 

10’^ 

2.  184 

X 

10-’ 

8 10 

1 .62  1 

X 

10"^ 

1.997  X 

10"5 

520 

7.452 

X 

10-' 

3.552 

X 

10-’ 

820 

1.893 

X 

10"^ 

2.395  X 

10"5 

530 

1.  142 

X 

lO"^ 

5.665 

X 

to-9 

830 

2.201 

X 

10"^ 

2.859  X 

10"5 

540 

1.718 

X 

10“* 

8.871 

X 

10-^ 

840 

2.543 

X 

10"^ 

3.398  X 

IQ-5 

550 

2.545 

X 

10'^ 

1.366 

X 

lO"® 

850 

2.938 

X 

10-^ 

4.020  X 

IQ-5 

560 

3.709 

X 

10“^ 

2.068 

X 

10"® 

860 

3.373 

X 

10-5 

4.735  X 

10-5 

570 

5.326 

X 

lO"*^ 

3.084 

X 

870 

3.859 

X 

10-5 

5.555  X 

10-5 

580 

7.544 

X 

10’'^ 

4.532 

X 

,0-® 

880 

4.397 

X 

10“5 

6.491  X 

10-5 

590 

1.054 

X 

10"^ 

6.568 

X 

lO"® 

890 

4.993 

X 

10-5 

7.556  X 

_5 

10  ^ 

600 

1.455 

X 

10”^ 

9.395 

X 

lO'® 

900 

5.651 

X 

10-5 

8.763  X 

10-5 

610 

1.985 

X 

10’^ 

1.327 

X 

lO"' 

910 

6.373 

X 

10-5 

1.013  X 

lO"^ 

620 

2.676 

X 

10"^ 

1.853 

X 

I0-' 

920 

7,  165 

X 

10-= 

1. 166  X 

10“^ 

630 

3.570 

X 

10"^ 

2.558 

X 

10“' 

930 

8.030 

X 

I0"5 

1.339  X 

10"^ 

640 

4.713 

X 

10"^ 

3.493 

X 

10-' 

940 

8.973 

X 

lC-5 

1 . 532  X 

lO"^ 

650 

6,  613 

X 

10"^ 

4.721 

X 

10“' 

950 

9.998 

X 

lC-5 

1.747  X 

IQ-'^ 

660 

7.984 

X 

10"^ 

6.319 

X 

10-' 

960 

1.111 

X 

lO'^ 

1.986  X 

10"^ 

670 

1,025 

X 

10“'^ 

8.380 

X 

10-' 

970 

1.231 

X 

10"^ 

2.252  X 

10-^ 

680 

1.305 

X 

10"^ 

1.  101 

X 

10“" 

980 

1 .360 

X 

10"^ 

2,546  X 

10-^ 

690 

1.649 

X 

10"^ 

1,435 

X 

lO"*^ 

990 

1.500 

X 

10"^ 

2.870  X 

10"'^ 

700 

2.066 

X 

10"^ 

1.856 

X 

I0-® 

1000 

1.649 

X 

lO"^ 

3.228  X 

10"^ 

7 10 

2.571 

X 

10-'^ 

2-380 

X 

10-^ 

1050 

2 . 563 

X 

lO"^ 

5.591  X 

10"^ 

720 

3.  176 

X 

10"^ 

3.030 

X 

IC-" 

1 '00 

3.785 

X 

lO"^ 

9. 162  X 

10"^ 

730 

3.897 

X 

lo’^ 

3.031 

X 

IO-‘ 

I 1150 

5.350 

X 

10-2 

1.431  X 

10-5 

740 

4.751 

X 

10"^ 

4.8  10 

X 

io“* 

1200 

7.28  1 

X 

:o-2 

2. 145  X 

10-5 

750 

5.757 

X 

10""^ 

5.999 

X 

I0-" 

1250 

9.588 

X 

3.099  X 

10-5 

760 

6.934 

X 

10-^ 

7.436 

X 

I0“^ 

1300 

1.227 

X 

iO"' 

4.336  X 

10"5 

770 

8.304 

X 

10"^ 

9.  162 

X 

I0“^ 

1350 

1.530 

X 

10-  ’ 

5.897  X 

10“5 

780 

9.891 

X 

10“^ 

1.122 

X 

10-5 

1400 

1.866 

X 

10" ' 

7.822  X 

10-5 

790 

1.  172 

X 

10"^ 

1.367 

X 

I0“® 

1450 

2.232 

X 

lO"' 

1.015  X 

10-2 
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TABLE  B-l.  BLACKBODY  RADIATION  FUNCTIONS  (Cont.) 


XT, 

dW/dX 

0 

XT, 

dW/dX 

0 

li.m  • deg 

(dW/dX) 

max 

CO 

0 * * 

p.m  • deg 

(dW/dX) 

max 

00 

y ‘iw  j. 

0 dT‘'^ 

1500 

2.622  X lO" ' 

1.290  X lO’^ 

620C 

3.453  X lO" ' 

7.544  X I0“ ' 

1550 

3.032  X I0'‘ 

1.610  X 10"^ 

6400 

3.  193  X lO"  ' 

7.694  X I0“ ' 

1600 

3.457  X lO" ' 

'.979  X lO'^ 

6600 

2.956  X lO" ' 

7.834  X 10“ ' 

1650 

3.892  X lO"' 

2.396  X 10"^ 

6800 

2.737  X 10“  ' 

7.963  X 10"' 

1700 

4.332  X lO"' 

2.862  X lO"^ 

7000 

2.537  X 10"  ' 

8.083  X 10" ' 

1750 

4.772  X 10"  ' 

3.379  X 10“^ 

7200 

2.354  X lO" ' 

8.  194  X 10“ ' 

1800 

5.208  X 10“  ' 

3.946  X 10"^ 

7400 

2.  183  X 10" ' 

8.297  X lO"  ' 

1850 

5.636  X I0“  ’ 

4.561  X 10“^ 

7600 

2.030  X 10" ' 

8.392  X lO"  ' 

1900 

6.053  X lO"  ' 

5.225  X lO"^ 

7800 

1.888  X lO" ' 

8.481  X 10"' 

1950 

6.455  X 10"' 

5.935  X 10“^ 

8000 

1.758  X 10"  ' 

8.564  X lO"' 

2000 

6.840  X 10"' 

6.690  X lO"^ 

8200 

1.638  X !0"' 

8.641  X lO"' 

2200 

8. 169  X lO” 

I.OI  1 X 10"' 

8400 

1.528  X 10”' 

8.713  X lO"' 

2400 

9. 126  X lO"  ' 

1.405  X lO"' 

8600 

1.426  X lO"' 

8.780  X lO"' 

2600 

9.712  X to"' 

1.834  X lO"' 

8800 

1.332  X lO"  ' 

8.843  X lO"' 

2800 

9.972  X lO"  ' 

2.282  X 10“' 

9000 

1.246  X lO"  ' 

8.901  X I0“' 

3000 

9.971  X lO"' 

2.736  X 10"' 

9200 

1.  166  X lO"  ' 

8.956  X lO" ' 

3200 

9.771  X 10"' 

3.  185  X 10"' 

9400 

1.093  X 10"' 

9.007  X 10"' 

3400 

9.432  X IC"  ' 

3.62  lx  10"  ' 

9600 

1.024  X lO"' 

9.055  X 10"  ' 

3600 

8.999  X 10“  ' 

4,040  X lO"' 

9800 

9.613  X lO"^ 

9. iOO  X lO"' 

3800 

8.512  X 10“  ' 

4.438  X lO"' 

10,000 

9.029  X 10“^ 
6.679  X 10"^ 

9.  143  X 10“  ' 

4000 

7.997  X 10  ' 

4.813  X 10  ' 

1 1,000 

9.319  X 10  ' 

4200 

7.475  X lO"' 

5.  164  X lO"' 

, 12,000 

5.035  X lO"^ 
-2 

9.451  X 10“' 

4400 

6.961  X 10  ' 

5.492  X 10  ' 

13,000 

3.862  X 10 

-2 

9.551  X 10  ' 

4600 

6.464  X 10  ' 

5.796  X 10  ' 

14,000 

3.007  X 10  ^ 

9.629  X 10  ' 

4800 

5.990  X 10" ' 

6.079  X lO"' 

15,000 

2.375  X 10"^ 

9.690  X lO"' 

5000 

5.543  X lO"  ' 

6.341  X lO"' 

16,000 

1,899  X !0"^ 

9.738  X lO"' 

5200 

5. 125  X 10"  ' 

6.583  X lO"' 

17,000 

1.536  X 10"^ 

9.777  X 10“' 

5400 

4.735  X 10'  ' 

6.807k  IO"' 

18,000 

1.255  X 10"^ 

9.808  X 10"' 

5600 

4.375  X 10“' 

7.013  X 10”' 

19,000 

1.035  X 10“^ 

9.834  X lO"' 

5800 

6000 

4.042  X 10"  ' 
3.735  X lO"' 

7.204  X lO"' 
7.381  X 10"' 

20,000 

8.612  X 10'^ 

9.856  X I0“' 
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TABLE  B-2.  TOTAL  BUCKBODY  RADIATION 


-1 

o 

° -2 
Watt  m 

(dW/dX) 

-2 

Watt  m 

max  * 

- 1 

urn 

— 

T,  °K 

tot  J dX 

° -2 
Watt  m 

(dW/dX)  , 

' max  ’ 

-2  - 1 
Watt  m |i.m 

-8 

- 12 

2 

1 

5.679  X 

10  ° 

1.290  X 

10 

250 

2.213  X 

lO'^ 

1 . 260  X 

10 

5 

3.549  X 

10"^ 

4.030  X 

10-8 

260 

2.595  X 

10^ 

1 . 532  X 

10 

10 

5.679  X 

10"^ 

1 .290  X 

10"^ 

270 

3.018  X 

10^ 

1.851  X 

10 

15 

2.875  X 

10“^ 

9.794  X 

10"^ 

280 

3.491  X 

10^ 

2.220  X 

10 

..-3 

-5 

2 

20 

9.086  X 

10 

4.  127  X 

10 

290 

4.017  X 

10*^ 

2.645  X 

10 

30 

4.600  X 

10“^ 

3.  134  X 

io“^ 

300 

4.600  X 

10^ 

3. 134  X 

iO 

40 

1 .454  X 

io“’ 

1.321  X 

10"^ 

310 

5.245  X 

10^ 

3.692  X 

10 

50  . 

3.549  X 

lO"' 

4.030  X 

10"^ 

320 

5.955  X 

10^ 

4.328  X 

10 

60 

7.360  X 

10"' 

1.003  X 

CM 

1 

O 

330 

6.735  X 

10^ 

5.047  X 

10 

70 

1.364 

2. 168  X 

10"^ 

340 

7.589  X 

10^ 

5.860  X 

10 

80 

2.326 

4.226  X 

10"^ 

350 

8.522  X 

10^ 

6.774  X 

10 

90 

3.726 

7.616  X 

O 

1 

fM 

360 

9.538  X 

10^ 

7.799  X 

10 

100 

5.679 

1 .290  X 

lO"' 

370 

1.065  X 

10^ 

8.944  X 

10 

1 10 

8.315 

2.077  X 

I0‘  ’ 

380 

1 . 184  X 

10^ 

1.022  X 

10^ 

120 

1. 178  X 

10 

3.209  X 

10"’ 

390 

1.314  X 

10^ 

1. 164  X 

10^ 

130 

1.622  X 

10 

4.789  X 

10"' 

400 

1.454  X 

lO-^ 

1.321  X 

10^ 

140 

2.181  X 

10 

6.936  X 

lO"' 

410 

1 . 605  X 

10^ 

1 .494  X 

10^ 

150 

2.875  X 

10 

9.794  X 

lO"' 

420 

1.768  X 

10^ 

I . 686  X 

10^ 

160 

3.722  X 

(0 

1.352 

430 

1.942  X 

10^ 

1 .896  X 

10^ 

170 

4.743  X 

10 

1.831 

. 440 

2. 128  X 

10^ 

2.  127  X 

10^ 

180 

5.961  X 

10 

2.437 

450 

2.328  X 

10^ 

2.380  X 

10^ 

190 

7.401  X 

10 

3.  194 

460 

2.542  X 

10'^ 

2.656  X 

10^ 

200 

9.086  X 

10 

4.  127 

470 

2.771  X 

10^ 

2.958  X 

10^ 

210 

1. 105  X 

10^ 

5.267 

480 

3.015  X 

lO"* 

3.286  X 

10^ 

220 

1.331  X 

lo2 

6.647 

490 

3.274  X 

10^ 

3.643  X 

10^ 

230 

1 . 590  X 

10^ 

8.301 

500 

3.549  X 

10^ 

4.030  X 

10^ 

240 

1.885  X 

10^ 

1.027  X 

10 

520 

4. 152  X 

10^ 

4.904  X 

10^ 
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TABLE  B-2.  TOTAL  BLACKBODY  RADIATION  (Cont.) 


tot  J dX  * 

° -2 
Watt  m 

(dW/dX)  , 

' '^max  ' 

u -2  -1 

Watt  m iim 

4.829  X 10^ 

5.922  X 10^ 

5.585  X 10^ 

7.I03X  10^ 

6.426  X 10^ 

8.465  X 10^ 

7.360  X 10^ 

1.003  X 10^ 

8.392  X 10^ 

1 . 182  X 10^ 

9.527  X :0^ 

1.385  X 10^ 

1 .078  X 10^ 

I.6I5X  10^ 

1 .2  15  X 10^ 

1.875  X 10^ 

1.364  X 10^ 

2. 168  X 10^ 

1.527  X 10^ 

2.496  X 10^ 

1 .703  X lo"^ 

2.862  X 10^ 

1 .895  X 10^ 

3.270  X 10^ 

2. 102  X 10^ 

3.724  X 10^ 

2.326  X 10^ 

4.226  X :0'^ 

2.567  X 10^ 

4.782  X 10^ 

2.827  X 10^ 

5.394  X 10^ 

3.  106  X 10^ 

6.067  X 10^ 

3.406  X '0^ 

6.806  X 10^ 

3.726  X 10^ 

7.616  X 10^ 

4.069  X 10^ 

8.500  X !0^ 

4.434  X 10^ 

9.465  X 10^ 

4.824  X 10^ 

1.052  X 10^ 

5.239  X 10^ 

1.  166  X 10^ 

5.679  X 10^ 

1.290  X 10^ 

6. 147  X 10^ 

t .424  X 10^ 

6.644  X 10^ 

1.569  X 10^ 

7.  170  X 10^ 

1.726  X 10^ 

Vt-/f 

° -2 
Watt  m 

(dW/dX)  , 

max 

u ....  -2  -1 

Watt  m n.m 

7.726  X 10^ 

1.895  X lO"^ 

8.315  X lo"^ 

2.077  X 10^ 

8.937  X 10^ 

2.273  X 10^ 

9.591  X lO"^ 

2.483  X 10^ 

1.029  X 10^ 

2.709  X 10^ 

1 . 101  X 10^ 

2.951  X 10^ 

1.  178  X 10^ 

3.209  X 10^ 

1.258  X 10^ 

3.486  X lO"^ 

1.343  X 10^ 

3.781  X 10^ 

1.432  X 10^ 

4.096  X 10^ 

1.525  X 10^ 

4.431  X 10^ 

1.622  X 10^ 

4.789  X lo'^' 

1.725  X 10^ 

5.  169  X 10^ 

1.832  X 10^ 

5.572  X 10^ 

1.943  X 10^ 

6.001  X lO^'* 

2.059  X 10^ 

6.455  X 10^ 

2.  181  X 10^ 

6.936  X 10^ 

2.309  X 10^ 

7.446  X lO'^' 

2.442  X 10^ 

7.986  X lO'^^ 

2.580  X 10^ 

8.556  X 10^ 

2.724  X 10^ 

9.  158  X 10^ 

2.875  X 10^ 

9.794  X 10^ 

3.031  X 10^ 

1 .046  X 10^ 

3.  194  X 10^ 

1.  1 17  X 10^ 

3.363  X 10^ 

1. 192  X 10^ 

3.539  X 10^ 

1.270  X 10^ 

3.722  X 10^ 

1.352  X 10^ 
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TABLE  B-2.  TOTAL  BLACKBODY  RADIATION  (Cont.) 


W 


tot  J 

o _2 
Watt  m 


dX, 


3.912  X 10 
4.  108  X 10^ 
4.312  X lO' 
4.524  X 10' 

f 

4.743  X 10 


-2  - 1 

Watt  m 


1.439  X 10 
1.530  X 10^ 
1,626  X 10^ 
1.726  X 10“ 
1.831  X 10' 


\ /w 

1720 

/ -T  W - 

4.971  X 10 

5 

1 .942  X 10 

1740 

5.206  X 10^ 

2.057  X 10 

5 

1760 

5.450  X 10^ 

2.  178  X 10 

5 

1780 

5.701  X 10^ 

2.305  X 10 

5 

1800 

5.961  X 10^ 

2.437  X 10 

5 

1820 

6.231  X 10^ 

2.575  X 10 

e 

1840 

6.509  X 10^ 

2.720  X 10 

5 

I860 

6.797  X 10^ 

2.871  X 10 

e 

1880 

7.094  X 10^ 

3.029  X 10 

5 

1900 

7.401  X 10^ 

3.  194  X lO 

c 

1920  I 7.718  X 10^  I 3.365  X lO^, 
1940 
I960 
1980 
2000 
2100 
2200 
2300 
2400 
2500 
26UU 


tot  =/f 

-2  - 1 

o _2 

Watt  m 

Wat<"  m lAiTi 

3.018  X 10^ 

1.851  X 10*^ 

3.49  1 X 10^ 

2.220  X 10 

4.017  X 10^ 

2.645  X 10 

4.600  X 10^ 

3. 134  X 10 

5.245  X 10^ 

3.392  X 10 

5.955  X 10^ 

4,328  X 10 

6.735  X 10^ 

5.047  X 10 

7.589  X 10^ 

5.860  X 10 

8.522  X 10^ 

6.774  X 10 

9.538  X 10^ 

7.799  X 10 

7 

1.065  X 10 

8.944  X 10 

*7 

3800  I.  184  X 10 


.022  X 10 


3900  1.314  X 10  1- 164  X I0_ 


4000  1 • 454  x:  10 


.321  X 10 


r • r • w - 

8.044  X 10^ 

5 

3.544  X 10 

5500 

8,38 1 X 10^ 

3.731  X 10* 

I" 

6000 

8.729  X 10^ 

3.925  X !0 

6500 

9.086  X 10^ 

4. 127  X 10* 

7000 

1 . 105  X <0* 

5.267  X 10 

7500 

..6 

1.331  X 10 

6.647  X 10 

8000 

1.590  X 10^ 

8.301  X 10 

8500 

1 .885  X 10^ 

1.027  X 10 

9000 

2.218  X 10 

1.260  X 10* 

9500 

2.595  X 10* 

1.532  X 10 

10000 

4500  2.328X10'  2.380  XlO_ 

5000  3.549  X 10^  4.030  X lO 

6.491  X 10' 
1.003  X 10 
1 .496  X 10 

5®  I 2.  168  X 10 

3.061  X lO' 
D®  4.226  X 10 

D®  5.723  X 10^ 

0®  7.616  X 10 

9500  1 4.626  X 10®  9.980  X lo' 

1.290  X 10 


.8 
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where  f(n)  for  an  isotropically  emitting  surface  and  f(n)  (cos9)/n 

for  a diffusely  emitting  surface  (0  - angle  with  the  normal  to  the  surface). 

Values  for  N°  = N,  (X,T,0==O)  = — ^ are  plotted  in  Figure  B-l, 

\ K TT  QA 

while  in  Figure  B-2  curves  for  = N,(v>T,0=O)  = — ^ are  shewn. 

^ V V n dv 

Figure  B-3  shows  plots  of  the  same  functions  on  a linear  scale  instead  of 
the  logarithmic  scale  employed  in  Figures  B-l  and  B-2. 

Instead  of  the  energy  flux  expressions  (B. l)  through  (B.6)  it  is 
often  useful  to  employ  photon  flux  or  "fluence"  expressions  which  are  related 
to  W,  H,  and  N by  a factor  l/hv.  For  example  the  photon  fluence  d>^(X,T,0)  = 
^ N (X.,T,n)  and  (v,T,Cl)  = T~  N (v,T,n).  In  Figures  B-4  through  B-6 

nV  A V nV  V 

curves  of  <!>..  (X,T,0^O)  and  4>  (v,T,0=O)  are  shown. 

A V 

For  so-called  "gray  bodies,"  Kirchhoff’s  Law  states  that  the 
emission  may  be  expressed  by; 


e(x) 


Watts 

2 ^ 
m p.m 


(B. 


where  e(X)  is  the  emissivity.  It  e(X)  w e is  constant  or  may  be  averaged 
over  the  wavelength  range  from  Xj  and  X2  , as  is  often  the  case,  we  can 
write: 


WGg(X|-X2#T)  - i Wgg(Xj-X2^T) 


(B. 


Values  for  g and  g(X)  are  given  in  Appendix  A. 
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riGURE  B-l.  SPECTRAL  RADIANCE  CURVES  OF  A BLACKBODY  PER  UNIT 
WAVELENG'".  The  temperature  In  Is  shown  on  each  curve;  beyond 
too  urn  the  c^..Tves  continue  to  be  linear  (plotted  on  logarithmic 
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FIGURE  B-2.  SPECTRAL  RADIANCE  CURVES  OF  A BLACKBODY  PER  UNIT 
FREQUENCY.  Temperatures  are  given  in  °K  on  each  curve.  At 
frequvincies  less  than  3 X 10 Hz  or  wavenumber  100  Hb,  the 
curves  continue  to  be  linear  (plotted  on  logarithmic  scales).  The 
diagonal  line,  intersecting  the  curves  at  their  maxima,  shows 
Wien's  displacement  law.  (Figure  from  P.  R.  Cast,  Ref.  24.) 
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FIGURE  B-3.  SPECTRAL  RADIANCES  PER  UNIT  WAVELENGTH  AND  PER  UNIT 
FREQUENCY  FOR  BLACKBODIES  AT  VARIOUS  TEMPERATURES  (°K)  PLOTTED  ON 
ARITHMETIC  SCALES.  The  dashed  and  diagonal  lines  show  Wien's 
displacement  law.  (Figure  from  P.  R.  Cast,  Ref,  24.) 
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FIGURE  B-4.  SPECTRAL  PHOTON  FLUENCE  PER  UNIT  WAVELENGTH  FROM  A 
BLACK30DY  AT  VARIOUS  TEMPERATURES  (°K).  The  diagonal  line,  inter- 
secting the  curves  at  their  maxima,  shows  Wien's  displacement  law. 
(Figure  from  P.  R.  Gast,  Ref.  24.) 
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FIGURE  B-5.  SPECTRAL  PHOTON  FLUENCE  PER  UNIT  FREQUENCY  FROM  A 
3LACKBODY  AT  VARIOUS  TEMPERATURES  (°K).  The  diagonal  line,  inter- 
secting the  curves  at  their  maxima,  shows  Wien's  displacement  law. 
(Figure  from  P.  R.  Cast,  Ref.  24.) 
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FIGURE  B-6.  PHOTON  FLUENCES  EMITTED  BY  BLACKBODIES  AT  VAFlIOUS 
TEMPERATURES  v°K)  PLOTTED  ON  ARITHMETIC  SCALES.  (F  igure  from 
P.  R.  Gast,  Ref.  24.) 
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B.2  SOLAR  AND  PLANETARY  ILLUMINATORS 

The  main  sources  of  illumination  which  will  be  encountered  in  space 
vehicle  observation  work  are; 

Natural  Sources 

a.  Sun 

b.  Earthshlne 

c.  Moon,  Planet,  and  Star  Light 

Man-made  Sources 

d.  Lasers 
Radars 

In  the  following  we  shcii  briefly  review  the  intensity  and  spectrum  of  natural 
i 1 1 umi nators . 

The  radiation  received  from  the  sun  outside  the  earth's  atmosphere 
has  a spectral  distribution  as  shown  'n  Figures  B-7  and  B 8 (see  also 
Figure  2-4  and  Table  2-4  of  section  2 of  the  main  text).  This  distribucion 
is  close  to  that  of  a blackbody  radiator  at  5800°K.  The  radiation  energy  flux 
from  the  sun  near  the  earth  is  = 1390  Watts/m*.  Since  this  radiation 

originated  at  a distance  of  1.496  x lO''  meters  or  92,950,000  mi’es  from  the 
earth  from  a source  6.95  X 10®  meters  (432,500  miles)  in  diameter,  it  may  for 
all  practical  purposes  be  cor>*'idered  to  propagate  unidi  rectional  ly  or  parallel 
over  the  I to  100-meter  dimensions  of  typical  space  vehicles. 

Figure  B-7  shows  the  approximately  40  percent  of  the  solar 
irradiation  is  in  the  visible,  9 percent  ir  the  UV,  and  51  percent  in  the 
infrared.  We  have  thus  tha*-; 
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FIGURE  B-7.  SOLAR  RADIATION  INTENSITY  ABOVE  THE 
ATMOSPHERE  AT  EARTH'S  DISTANCE  FROM  THE  SUN.  (After 
F.  S.  Johnson  and  J.  C.  New.) 
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FIGURE  B-8.  SOLAR  ULTRAVIOLET  RADIATION  OUTSIDE  THE 
EARTH'S  ATMOSPHERE.  The  measurements  are  smoothed 
over  50-A  spectral  intervals,  Blackbody  curves  are 
shown  for  comparison.  (After  data  reported  by 
Johnson,  1954,  and  by  Detwi ler  et  al.,  1961.) 
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H ( 1000  - 4000  &)  - 125  W/m^ 

^UV 


(4000  - 7500  X)  = 556  W/m^ 

visible 


H (0.75  - too  p.m)  = 709  W/m^ 

hR 

Since  most  space  activities  of  significance  occur  within  500  miles  from  the 
earth,  the  above  solar  irradiation  values  may  be  assumed  constant.  Even  at 
synchronous  altitude  of  35,880  kilometers  or  22,300  miles,  the  solar  constant 
only  varies  by: 


4H 


(synchr  altitude)  ^ j = i 0.0565^  (B,  10) 

H 1.496  X !0"  \ 


The  irradiance  due  to  solar  light  reflections  from  the  earth  were 
considered  in  section  3,2.2  where  it  was  shown  that: 


H *1.  = a F H 

earth  sun 


(B.  I I) 


The  albedo  a varies  with  wavelength  and  has  values  between  0.32  in  July 

and  0.52  in  October  for  the  visible  spectrum.  An  average  value  of  0.39  is 

often  assumed.  The  irradiance  factor  F is  plotted  ’n  Figure  3”8  of 

section  3.2.2.  Since  it  has  a ma<lmum  value  of  about  0.9  and  an  average 

value  of  about  0.44  a'  100  miles  altitude,  a maximum  and  average  value  of 

respectively  ^ 195  and  H (5s  98  Watts/m*  may  be  assumed  for 

' earth  earth 

earth-reflected  t diation  in  the  visible.  In  Figure  B-9,  sorrv^  measured 
albedo  spectr^  distributions  are  shown  for  various  sky  conditions. 
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FIGURE  B-9.  RELATIVE  SPECTRAL  DISTRIBUTION  OF  ALBEDO 
RADIATION  UNDER  VARIOUS  SKY  CONDITIONS.  (After  Ref.  2.) 


WavtiUngth  (^) 

FIGURE  B-IO.  A TYPICAL  SPECTRAL  EMISSIVE  POWER  CURVE  FOR 
THE  THERMAL  RADIATION  LEAVING  THE  EARTH.  The  288  K black- 
body  curve  approximates  the  radiation  from  the  Earth's 
surface,  and  the  218  K blackbody  curve  approximates  the 
radiation  from  the  atmosphere  in  those  spectral  regions 
where  the  atmosphere  is  opaque.  (After  Ref.  2.) 
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In  addition  to  providing  solar-reflected  radiation,  the  earth 
also  emits  in  the  far  infrared  since  it  is  a large  blackbody  at  approximately 
300°K.  In  Figure  B- 10,  curves  of  the  radiance  due  to  thermal  earthshine 
are  given. 

The  irradiance  in  the  visible  at  a space  target  due  to  moonlight 
or  starlight  can  be  shown  to  be: 


h r t 1 

fu 1 1 moon 


10  ^ Watts/m^ 


^11  stars  ^ ^ Watts/m^ 

in  hemisphere 


These  levels  are  clearly  insignificant  compared  to  solar  and  earth-reflected 
intensities.  The  same  comment  applies  to  radiation  in  the  UV  or  IR.  If  a 
1.0  m‘  space  target  is  to  be  detected  by  visible  light  of  the  full  moon  in 
the  absence  of  solar  radiation,  a sensor  at  a distance  of  25  miles  from  the 
target  would  observe  it  as  a 13th  magnitude  source.  Since  most  space  sensor 
systems  can  at  most  detect  8th  to  lOth  magnitude  sources,  lunar  or  stellar 
illumination  may  be  dropped  from  further  consideration  as  a means  of  space 
target  detection. 

The  most  promising  source  for  space  target  illumination  aside  from 
the  sun  is  ^he  laser.  Since  a laser  is  man-made  and  can  be  controlled,  many 
dependences  imposed  by  nature  such  as  the  varying  solar  incidence  and  earth 
obscuration  which  limit  the  usefulness  of  the  standard  optical  observation 
systems  are  absent. 


The  laser  illumination  of  a target  a large  distance  S away,  is 
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laser 


1 aser 
r(of  S)‘ 


Watts 


where  a is  the  laser  beam  divergence  in  radiance,  S is  the  distance  in  cm, 

and  P is  the  laser  power  in  Watts.  Laser  beams  with  output  powers  P = 10^ 

“3  “5 

to  10®  Watts  and  a ~ 10  to  10  radians  exist  today  which  can  provide 

continuous  illumination  intensities  of  2 x 10  Watts/m^  on  a space  target 

“2 

at  a distance  of  20  km,  or  ~ 2 x 10  Watts/m^  in  pulses  of  nanosecond 
durations  (see  Ref.  54). 
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APPENDIX  C 

VIEW  FACTORS  FOR  DIFFUSE  EXHAUST  PLUMES 


I 


C. I PRELIMINARY  CONSIDERATIONS 

If  a gaseous  body  such  as  a cylinder,  sphere,  or  cone  is  viewed 
from  a large  distance,  and  if  the  photon  fluence  at  the  boundary  of  the  gaseous 
body  is  constant,  one  can  readily  show'"^  that  the  radiant  emission  from  the 
surface  must  follow  the  well-known  cosine  law  of  diffusive  reflection  and 
emission.  That  is  the  emission  intensity  W (Watts/m^)  per  unit  solid  angle 
dn  - 2rr  sin6  d6  in  direction  6 is  given  by: 


dn 


Watts 
m‘  • 5 ter 


(C,  I) 


where  the  ancile  6 is  measured  from  the  local  normal  to  the  surface  and  W 

tot 

is  the  total  hemispherical  emission  per  unit  area  (Watts/m^).  Thus  if  the 
body  is  viewed  from  a large  distance,  tha  effective  etpiissive  area  is  simply 
equal  to  the  projected  area  of  the  body  on  a plane  perpendicular  to  the 
f i e 1 d-of-v i ew  (fov)  axis  of  the  observer. 

The  "projected-area"  law  is  evident  if  one  consTders  that  the 
photons  that  escape  the  plume  in  the  direction  of  the  viewer  must  be  simply 
proportional  to  the  projected  surface  area  in  the  direction  of  the  observer 
as  defined  before  if  the  fluence  inside  the  plume  is  to  be  homogeneous, 
isotropic,  and  constant. 

*See  VolufTie  III,  Rocket  Radiation  Handbook. 


• A 
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Now  if  the  total  surface  area  of  the  body  of  gas  through  which 

radiation  excapes  is  ^ (m*)  and  the  total  emission  rate  of 

^ tot.  esc. 

radiation  is  (Watts)  then  clearly  for  constant  surface  fluence: 


tot 


tot 


tot.  esc. 


Watts 


m 


(C.2) 


In  general,  for  an  irregular  body  with  elementary  surface  areas  dA^  , we  must 

integrate  to  obtain  A^  ^ , that  is: 

^ tot.  esc.  ' 


tot.  esc. 


/ 


dA 


m‘ 


A. 


tot.  esc. 


(C.3) 


The  effective  steradiance  J = dP/dO  observed  by  a sensor  whose 
viewing  cone*  intersects  the  body  of  gas  (see  Figure  C-l)  is  then  according 
to  (C.l)  and  (C.2)  given  by: 


J - 


dP 

dfi 


I 


dW 

dn 


dA 


tot 

4rr 


F^(cK,D^,Gas  Body  Dim.)  , Watts/ster 


A. 


I ntersec 1 1 on 


(C.4) 


where  we  define  the  dimensionless  geometric  view-factor  F(a,D^,Body  Dim.) 
by: 


♦The  viewing  cone  may  be  approximated  by  a viewing  cylinder  for  large 
distances  between  the  sensor  and  radiation  soiirce. 


550 


EXHAUS 
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Here: 


(C.5) 


i n tersec  1 1 on 


A 


tot.  esc. 


dA 


* . S(A^) 


01 


D 

s 


= Area  on  gaseous  body  surfa<  intersected  by 
the  sensor's  viewing  cone  (or  cylinder) 
which  faces  the  sensor, 

Total  surface  area  of  gaseous  body  through 
which  radiation  escaf)es, 

Klemcntai  su'face  area  of  gaseous  body, 

---  Angle  between  the  local  normal  to  tl:e 
elemental  surface  area  dA  and  the  sensor 

p 

1 i ne-of-s i ght 

Angle  between  major  axis  through  gaseous 
body  and  the  sensor  1 i ne-of-s i ght 

= Fie  1 d-of-view  diameter  of  sensor  at  the 
gaseous  body,  m 


Gas  Body  Dimensions  Three  or  two  major  dimensions  of  gaseous 

body  which  completely  define  it 


Note  that  the  view  factor  F^  is  defined  such  that  it  represents  the 
correction  factor  that  one  has  to  apply  relative  to  the  case  that  all  gaseous 
radiation  were  emitted  from  an  equivalent  point  source  for  which: 


IJL\ 

P 

lot  Watts 

point 

source 

\ cTi  / . 

po!  nt 

source 

4r  ' step 

(C.6) 


In  The  sections  i<e  shall  ccveloc  rvitherat  icat  ^'prassion^  for  t 

* O'  c sitte'e.  'ie'-  : orve . 
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C.2  SPHERICAL  BODY  OF  GAS 

It  is  clear  that  for  a spherical  gaseous  body  of  diameter  , witi 
constant  surface  fluence  (i.e.j  an  opaque  diffuse  body),  one  must  have: 


tot 


Watts 


sphere  tt  D' 


(C. 


where  is  the  total  radiation  emission  rate  of  the  gaseous  body. 

Now  the  sensor's  fov  diameter,  D^,  at  the  gaseous  body  is  given  by 

= 2S  tan(e/2)  S6  (C.l 

where : 

9=9^  = Divergence  or  admittance  angle  of  the  sensor's  fov. 

S = Range  or  distance  between  the  sensor  and  gaseous  body,  m 

If  the  sensor's  1 i ne-of-s i ght  passes  through  the  center  of  the 
spherical  gas  cloud  and  i f , we  have  the  following  relations  between 

the  various  geometrical  parameters  illustrated  in  Figure  C-2. 


(C. 


(C.  I 


c.l 


C.  I 


FIGURE  C-2.  DEPICTION  OF  SPHERICAL  PLUME  VIEWING  GEOMETRY 
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The  apparent  steradiance  observed  by  the  sensor  is  then: 


e'-tan"'(D  /2S) 
s 


sphere 


(«), 


w. 


sphere 


tot 


3'^sin"'(D^/Dp) 


sinp'  dp' 


Watts 
s ter 


e'-o 

p'=o 


(C. 13a) 


If  9'  « p',  that  is  if  the  sensor  is  very  far  from  the  sphere,  we 
can  set  cos(6'+P')  pa  cos P ' in  (C.  13a)  and  this  squat'  n can  be  shown  to 
reduce  to; 


J 


sphere 


Watts 

ster 


(C. 13b) 


and  thus  the  view  factor  becomes: 


h 

sphere 

e « 3 


(0  < D ) 

s p' 


(c.  14) 


If  the  sensor  is  closer  to  the  sphere,  but  still  far  enough  such 
that  we  can  approximate  sins'  « 0'  , the  integration  of  (C.I3a)  becomes: 


J 


sphere 


W 


tot 


e'=tan“'(D  /2S) 

/ [cosfe'* 
e'=o 


= 2S* 


W 


tot 


e'=tan"'(D  /2S) 

/ ■ 


0'=O 


e'  de' 


Watts 

ster 


(C. 15a) 
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(D^/2S)  « I does  apply.  Equations  (C.  13)  through  (C.  16)  applied  for  D 

For  any  value  of  including  , we  can  combine  our  results  and  write: 


'sphere 


2D\  /D\^(  /2D= 

I ^)h(D  -D  ) + (-^1  I I'j 

3 S / ' s p \dJ  \j  5 


v2  vi/2 


> H(D  - D ) 

1 P s' 


where  H(x)  is  the  Heaviside  unit  step  function  defined  by: 


H(x)  = I , for  X ^ 0 


(C.  18a; 


H(x)  =0  , for  X < 0 


The  second-order  terms  with  the  factor'  (t  pz^S* ) 

(C. 17)  may  be  dropped  In  first-order  calculations.  Note  also  that  for 

D « R and  0 « D which  means  that  the  sphere  Is  essentially  a point  source 
P P ® 

we  have  from  (C.  17)  that  F,,  = I as  1 1 should. 
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C.3 


CYLINDRICAL  BODY  OF  GAS 


Let  the  gaseous  cylinder  have  a length  L^  and  diameter  and  let 

the  fov  diameter  be  0^  again. ^ Let  us  also  assume  that  the  sensor  is  a 
large  distance  from  the  cylindrical  cloud  so  that  all  rays  from  the  sensor 
to  all  points  on  the  cylinder  axis  make  the  same  angle  a with  this  axis 
(see  Figure  C-2) . Then  there  are  four  possible  situations^  each  one  of  which 
requires  a slightly  different  integration  over  the  cylinder's  geometric 
boundaries: 


(a)  0<0  ,orO<pSl 

\ / s p 


(b)  0 <0  sL  sinci(,orl<os:xsina 

P s p 

(c)  L^  sino  < D^  s»  VLp  + D*'  sina  , or  X sina  < p ^ '\/T^*+~p  s 


I no 


(d)  Vl*  + Dp'  s ina  < D^  s 00  , or  'Jx*  + s ina  < p ^ 


According  to  Eq.  (C.2)  we  have  that: 


(“tot ) 


cyl . 


tot 
cyl . 


tot 


Watts 


TT  D (L  + k D /4) 
P P r p ' 


(C.  19) 


where  for  a cylinder  that  can  emit  radiation  through  both  ends  and  its  sides 

k^  = 2,  and  for  the  case  that  radiation  can  only  escape  through  the  sides  and 

one  end,  = 1.  For  simplicity  we  set  k^.  " I In  what  follows  (the  case  for 

a cylindrical  rocket  exhaust),  keeping  in  mind  that  the  correction  factor 

k^  = 2 must  be  applied  In  the  denominator.  If  both  ends  can  emit. 

shall  assume  throughout  that  L_  > D_  , 

P P 

**The  1 Ine-of-slght  of  the  sensor  is  always  assumed  to  pass  through  the 
center  of  the  cylinder. 
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section  C. I ) : 


The  radiance  J , and  view  factor  F are  given  by  (see 

cyl.  V , ' 

' cy  1 . 


cyl . 


A . * A 

tot  proj  tot  proj 


Watts 

tt*D  ( L + D /4)  s ter 
P P P 


(C.20) 


4tt  J 


(F  \ . .. 

'"'cyl- 


4 A 

proj 

rr  D (L  + D /4) 
P P P 


(C.2I) 


Starting  with  case(a)  and  referring  to  Figure  C-3,  we  have  for  the 
chord  X (parallel  to  the  gas-cylinder  axis)  of  the  three-dimensional  circle- 
like surface  cut  out  by  the  intersection  of  the  fov  cylinder  with  the  gas 
cylinder  that: 


X = 


(C.22) 


where  y is  an  angle  in  the  plane  at  right  angles  to  the  gas-cylinder  axis 
• as  shown  in  Figure  C-3.  The  differential  area  of  a strip  is  then: 

\ 

- sin*Y  dy  (C.23) 


The  radiation  from  the  cloud  as  observed  by  the  sensor  is  then  given  by: 


v=sln"'(D  /D  ) 


Y=0 


dy 


Watts 

ster 


(C.24) 


CYLINDRICAL 

PLUME 


FIGURE  C-3.  ILLUSTRATION  OF  CYLINDRICAL  PLUME  VIEWING  GEOMETRY 
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The  angle  6 is  the  angle  between  the  local  normal  and  the  1 1 ne-of-s 1 ght  to 
elemental  areas  on  the  intersection  surface.  It  is  related  to  the  angle  y 
by  the  equation; 

cos  6 = cosy  sin  a (C.25) 


With  (C.25)  substituted  in  (C.24),  the  integration  yields 


cyl. 

(D  < 0 ) 

s p 


■ 


y=sin“'(D  /D  ) 
s p 


i n*  Y (cosy)  dy 


W 

tot  s Watts 
4 ' ster 


(C.26) 


and  thus  according  to  (C.2l): 


(M 


cyl . 

D < D 
s P 


X + 0.25 


H(l-p') 


(C.27) 


where  we  define  for  convenience: 


p = D /D 
^ s p 


P P 


(C.2C) 

(C.29) 


For  case  (b),  one  finds  similarly; 


(f^)  = f (x  V d".2s)  [ “p  V I - ( */p)  ^ sin”'(l/p)j  • H(p-l)  H(X  slna-p) 

cy  1 • 

( KpS  X sina)  (C,30) 


t 
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Case  (c)  yields  next: 


(f  ) 

\ v/cyl. 

rr 

(X  s i no  < p 5 ^/x*  + 

T' s ino) 

. -1 
-sin 

2X  s ina  + j cosa  ^ 


I n 


• H(p  - X sina)  H(  n/x  * +”T'  sina  - p) 


where: 


5 = 


D*  co5*a 


2 L |tana| 

__£j , 

D 

s 


Finally  for  case  (d),  one  obtains: 


) 


cy  1 


H(p  -v'PTTsinc,) 


X + 0.25 


( Vx*  + l'  slna  < p s oo) 


The  partial  view  factor  relations  given  above  can  be  combined 


(C.3I) 


(C.32) 


(C.33) 


(C.34) 


into  the  one  expression: 
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(rro.-js)  H(l-p)  P sin''(p-')j  H(p-I) 


H(Xsina-p)  +' — r|2\sina  + 
np  I 


j|cosaj+  5 nTi  - sin"'|J  -||cosa|) 


(i- 


^ V i“C*' -sin  'c  ) I H(p-Xs ina) 


H I ^/x*+  l' s i na-p  j ^ I |cosa|  + j X s ina  | H | p - Vx*+  l' s ina  j , 


where  H(x)  Is  the  unit  step  function  defined  In;(C.l8),  p - D /D  , X 

® P 

and  where  for  convenience  we  rewrite  | and  f;  in  terms  of  p and  X : 


X s i n a - p 
cosa 


X 5 I n a 


COS'X 


I ^ I - I COtOf 


(X/p)  sin  g - I 
I cosa 


For  a cylinder  that  can  emit  from  both  ends  (and  its  sides),  the  factor 
(X  + 0.25)  In  the  denominator  of  (C.35)  should  be  replaced  by  (x  + 0.50) 


Equation  (C.35)  which  is  plotted  in  Figure  C-4  (for  X = 3)  may  be 
assumed  to  apply  at  all  angles  a If  there  Is  no  obscuration.  In  the  case  of 


FIGURE  C-4.  VIEW  FACTOR  F . FOR  CYLINDRICAL  FLUKE  WITH 
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en  equivalent  cylindrical  rocket  pluno,  there  is  vehicle  body  obscuration 
in  the  forwards  direction  ai  small  annles  a.  Howe'er  at  medium  to  high 
altitudes  the  obscuration  is  negligib'e,  since  the  rocket  body  diameter  0, 
is  much  smaller  than  the  plume  diameter  , and  tq.  (C.35)  may  be  used 
at  al 1 angles 

At  the  lower  altitudes  a correction  for  small  values  of  ct  is 

necessary  to  account  for  rocket-body  obscuration.  This  correction  amounts 

to  subtracting  out  the  plume-shadowing  projected  area  of  the  rocket  body  in 

the  direction  of  the  sensor  from  the  expressions  given  before.  Assuming 

again  chat  the  I ine-of-s 1 ght  of  the  observer  passes  through  the  center  of 

the  equivalent  cylindrical  plume,  one  obtains  in  the  case  that 

0 > ■/l*  + D*'  s i na  : 
s p p 


The  obscuration-corrected  view-factor  for  D > (slna)  Vl*  + D*'  is  then:'*tHt 

s ' p p 


H(p-(slnof)  V\*TT) 


X + 0.25 


(0  >(sina)  VL*  + 0*') 

s P p 


I 4X  slna  ,.,n  s i i 
cosal  -r  j -a)  I cosa| 


(C.39) 


^For  exampe  at  h s 100  km,  Dp  ~ 200  m,  while  D^.  ~ 10  m,  so  that  0^  « Dp  . 
**The  obscuration  corrections  that  follow  are  In  part  due  to  R.  Chardon. 
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Here  th  . end-  and  side-obscuration  diameters  D and  D are  defined  O ': 

r q 


D = D H(D  - 0 ) + D H(D  - D ) , 
r V p V p V p 


D =0  H(D  - D ) + D H(D  - D ) , m 
q V ' V p'  P P V 


The  parameter  is  the  rocket  vehicle  skirt  or  body  diameter  as  illustrated 
in  Figure  C-5.  is  thus  always  less  or  equal  to  , while  is  iarger 

or  equal  to  D 

P 

Making  similar  corrections  to  the  other  cases,  the  general 
obscuration-corrected  view-factor  may  be  written: 


(X+0.25)  *(h(|-p)  p*  • H(p-X  sina+px  1 cosa 


H(p+  X sina-  px^lcosorj)  • | ^ ^ tt 


9 9 


'r  -xJ+M.^X*)(x;-lx^X*)')+  Uosal(-^^)  ( ^ + 1 s i n' ' 


I H(px^  cosa-X  sinof-p)  p* 


o 
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Here  the  additional  dimensionless  constants  Xp  > Xq  ^ Xp  > ^ M-  > Ij.  ^ and 

were  used  for  brevity,  which  are  defined  by: 


D /D  = I/p 
p s 


(C.43 


D /D 
q s 


(C.44 


D /D 
r s 


(C.45 


D /D 
V s 


(C.4d 


= X - p/(sina) 


(C.47 


L sinof-D  /l*+D*-D*^  - /l*+(  L 1 tanof  - D secaj)*-  D‘ 
D s .VDrsVD'D  s ' £ 


D 5 I no 


5p  = ^r^  = ' “ 1 ■ ' 


X*Xp+  (XXpl tanol  “ |seca|)  ■ 


Equation  (C.42)  which  gives  the  obscuration-corrected  view-factor 
may  provide  values  that  are  significantly  smaller  than  Eq.  (C.35)  at  low 
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In  carrying  out  computer  calculations  using  the  view-factors 
(C.35)  or  (C.42),  the  parameters  Q and  5 wi 11  approach  limiting  values  when 
(cosck)  "*  0,  as  o v/2,  which  often  give  difficulties.  For  values  of 
|coso|  smaller  than  some  suitable  cut-off  limit,  say  jcosal  <0.001,  one 
should  assume  ^ and  5 to  take  on  the  limiting  values: 


5 - I + 

(cosa  -’0) 


(C.50) 


.-4 
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h - Altitude,  km 
X = Wavelength,  nm 


9^  - Solar  zenith  angle,  degrees  rr  radians 


Equations  (H. 15)  through  (H.26)  are  given  in  terms  of  the  photon 
wavelength  X.  Often  it  is  more  convenient  to  express  these  relations  in 
terms  of  the  photon  frequency  v = c/X,  If  Av/v  « I,  we  have  that: 


X*  ' 


Then  si  nee  also: 


X(nm)  = , 

v(THz) 


we  can  reexpress  Eqs.  (H.  15)  through  (H.26)  in  terms  of  v as  follows: 


Tr  (v,h,e  ) ==  exp- 


95  i 
cos9^  I 


■(—V 

\6.78) 


- 1500 


. 5.70  X 10=  * 7.86  X 10=  } 


Tr2(v,h,6^) 


[1.543  /v-ll67\^ 


Trj(v,h,0g) 
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Tr^(v^h,9g) 


exp 


2.40  (30  - h) 


COS0 


exp 


/v  - I 167 
\ 92.4 


(H.2 


Tr^(v,h,0g)  = 

(»3> 


exp- 


5.34  X 10* 
COS0 

s 


exp 


(H.:: 


_ / . _ 3 r 0.667 

Trj(v,h,e^)  = 

(aerosol ) 


(H.: 


Tr^(v,h,9^) 
(aerosol ) 


2. 

exp-  — 


45  X 10 


COS0 


(H.: 


Tr |Q(v,h,0^) 
(aerosol) 


exp-  ■ 


6.50  X 10 

COS0_ 


(H.; 


Tr,,(v,h,0^)  = exp-[^-*^^^f^^^(30-h)  exp-(^^) 
(aerosol) 


(H.; 
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Tr|2(v,h,6g) 

(aerosol ) 


exp- 


5.55  X 10^ 

COS0^ 


(H.40) 


In  Eqs.  (H.29)  thr  ough  (H.40),  h is  again  in  kilometers  ai'd: 

V = Photon  Frequency  , THz( I THz  = 10**  Hz) 

Equations  (H.  14)  through  (H.26)  provide  a coarse  (broad-band) 
relation  for  the  solar  attenuation  in  the  earth  atmosphere  which  may  be  used 
in  evaluating  SUAfI  radiation  in  section  3.3.7.  Though  approximate,  Eq.  (H.  14) 
is  at  least  better  than  assuming  that  all  solar  UV  (X  ^ 280  nm)  starts  at  an 
altitude  h = 130  km  and  is  absent  below  this  altitude.  This  latter  type  of 
assumption  would  have  to  be  made  as  a zero-order  approximation  in  the  absence 
of  any  other  data. 

As  better  and  finer  spectral  transmission  data  become  available 
using  tunable  laser  spectrometry,  it  should  be  possible  to  replace  Eqs.  (H. 14) 
through  (H.26)  with  much  more  accurate  relations.  In  constructing  analytical 
expressions  for  these  future  equations,  the  theory  given  in  section  4.8  of 
Volume  II  and  the  general  relations  for  atmospheric  transmission  given  in 
Volume  V of  the  tucket  Radiation  Handbcxsk  would  be  needed. 
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APPENDIX  I 

EFFECTIVE  THROAT  AND  PLUME  DIAMETERS  FOR 
MULTIPLE-NOZZLED  ROCKETS* 


In  applying  the  radiant  emission  formulas  of  Chapter  3 to  actual 

rocketCj  a difficulty  arises  when  a rocket  has  more  than  one  nozzle.  The 

radiation  expressions  were  developed  for  a one-nozzle  jet  and  exhibit  only 

one  parameter  D^  (the  throat  diameter),  on  the  basis  of  which  the  nozzle 

exit  diameter  D and  the  plume  diameter  D may  be  calculated  via  the 
e p ' 

one-dimensional  rocket-flow  relations: 


“e  “ “t  - 


(I.  I) 


I J.  r yjL±- 

\ Z f \y+\)  \Pe/  \'^c/ 


(1.2) 


= F = 


(*r " fe)  ’'fe) 


(1.3) 


If  the  one-dlmens ional  adiabatic  flow  relations  which  lead  to  (1.3) 
are  inadequate,  one  may  write  more  generally  that: 


*The  material  for  this  Appendix  was  provided  by  R.  Chardon. 
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(1.4) 


Here  the  function  F'(p^,p^,y)  contain  two-dimensional  and  other  corrections. 


The  various  parameters  in  the  above  relations  are: 


Throat  diameter,  m 
Nozzle  area  ratio 
Nozzle  exit  diameter,  m 

Plume  diaiT"!ter  assuming  adiabatic  expansion,  m 
Gjs  coefficient  (y  ~ 1.23) 

Design  pressure  in  nozzle  exit  plane,  bars 
Rocket  chamber  pressure,  bars 
Ambient  atmospheric  pressure,  bars 


nozzles, 
taka  an 


To  estimate  the  affective  diameters  D c'  locket  plumes  with  N.. 

p N 

ora  approach  is  to  add  the  flow-through  rreas  of  each  nozzle  and 
average  diameter  based  on  the  total  area  according  to  the  relation: 


(“t)„  " “t  ' ■"  ('-s) 

or  more  general ly: 


Equation  (1.5)  or  (I.6)  may  then  be  used  In  the  radiation  equations  for  0^ 
when  mul tiple-nozzled  rockets  are  considered.  However  it  will  be  shown 
below  that  such  a simple  assumption,  while  reasonable  at  high  altitudes, 
underestimates  the  plume  diameter  at  the  lower  altitudes. 
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For  reference  purposes,  diameters  calculated  according  to  the 
expressions  (1.5)  or  (1.6)  will  be  given  the  subscript  N.  Thus: 


(“t) 

1 = 1 

N 

(M 

(“el 

1 -SI 

N 

(“e) 

(“pl 

1 -SI 

N ^ 

(“p) 

one-nozzle 


one-nozzle 


P ! 1 

^ one-nozzle 


, m 


(1.7) 


(1.8) 


(1.9) 


where: 


k = 


(I.  10) 


Note  that  all  effective  diameters,  0^  , D , and  D are  scaled  by  the  same 

t e p 

factor  kj^i  . 

To  estimate  multi-nozzle  effects  at  low  altitudes  more  accurately, 
some  simple  geometric  arguments  will  be  used  rather  than  a full-fledged  fluid 
dynamics  analysis.*  Such  a "modeling"  approach  is  more  than  adequate  for 
the  purpose  of  radiance  calculations. 

Referring  to  Figures  I-l  through  1-9,  a number  of  possible  nozzle 
configurations  are  shown  whose  effective  values  , D , and  D wi 1 1 be 
estimated  by  geometric  modeling.  Key  parameters  for  nozzle  diameter  model- 
ing are  the  multiple  nozzle  circle  diameter  Cp  (or  rocket  skirt  diameter 
= Cp  + (Figure  1-2)),  and  the  separation  between  nozzles  (see 
Fig.  1-9).  In  many  cases  is  small  or  zero  and  the  additional  complication 
of  assuming  a finite  may  be  neglected  as  was  done  in  Figure  I-l  through 

^Because  the  flow  is  supersonic  the  outer  regions  of  the  multiple  jets  can 
initially  not  sense  the  Internal  interference  shocks  between  Jets.  Hence  the 
simple  geometric  considerations  given  here  are  adequate  for  the  "early"  part 
of  the  plume. 
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Figure  1-8.  However  in  the  expressions  that  follow,  the  assumption  of  a 

finite  value  for  S.,  will  be  retained. 

N 


Starting  with  the  six-nozzle  configuration  shown  in  Figure  1-9, 


one  has: 


C„  = 2(Dj.S„)  = 2(D^Vr.  Sj 


Since  the  geometric  plume  diameter  (D  ) is: 

P G 


(“p),  ■ Op  - ’ -4  t S 


one  obtains  for  the  case  of: 


a.  Six  Nozzles  (Fig.  1-9) 


(OpL  = 0jF(p^,p^,v)  + 2VF)+  2 S, 


Here  Eq.  (1.4)  was  also  used.  For  the  other  cases,  one  finds  similarly: 


b.  Five  Nozzles  (Pentagon) 


('^pL  = “ti'^^Pa^Pc^v)  + ^ «c(f))  + csc(f) 


c.  Five  Nozzles  (Cross) 


(Op)  - Dj(f(p^,p^,v)  . 2^/i’).  2 s, 
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d.  Four  Nozzles 


(d  ) = D^(f(p^,P^,y)  + ■/2E')+  n/2^  (I. 16) 

G 

e.  Three  Nozzles  (Linear) 


G 

f . Three  Nozzles  (Triangular) 

(%)  = ^ ^ ^N  (1*18) 

G 

g.  Two  Nozzles 


(D  ) = 0 (f(p^,P  ,V)  * + S (I.  19) 

G 

From  relations  (l.  14)  through  (I.I9),  ^ clear  that  the  separation  of 

the  nozzles  S|^  produces  a direct  additive  effect  on  the  plume  diameter  (8p)Q  • 
Calculations  which  ignore  or  neglect  will  predict  a plume  diameter  that 
is  too  smal 1 . 

To  illustrate  what  happens  when  the  multiple-nozzle  effect  is 
more  accurately  accounted  for  by  means  of  geometric  modeling^  some  sample 
calculations  are  presented  and  a comparison  is  made  with  plume  diameter 
calculations  using  the  "averaging"  relations  (l.7)  through  (l.;o).  For 
convenience.,  it  Is  assumed  that  0 in  these  calculations,  and  the 

following  typical  values  were  chosen  for  the  rocket  parameters: 
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/ p = 1.014  bar  \ 

( p =55.17  bar  } F(p^>P  »y)  = 2.619,  using  Eq.  (l.3) 

I c 1 a C 

(y  = 1-25  / 

= 0.  184  m 

E = 20 

Example  I.  Two  Nozzles 

a.  Calculation  by  Eq.  (I.I9): 


(“p),  - y)  * 


(Op)^  = 0.  184  {2.619  + 4.472}  m 


(d  } = 1.305  m 

' P^G 


b.  Calculation  by  Eq.  (1.9): 


(d  ) = D ^/i^  F(p  ,p  ,y)  = 0.184  ( 1.414)  (2.619) 

\ p/^  L a c ' 


( D ) = 0.38  I , m 

^ P'N 


c.  Comparison: 
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Example  2.  Three  Nozzles  (Linear) 

a.  Calculation  by  Eq.  (I.  18): 

jOp)  = 0. 184  {2.619  + 2 (4.48)} 

(D  ) = 2. 131  m 

' P^G 

b.  Calculation  by  Eq.  (1.9): 

(d  ) = 0.  184  ^/3'  (2.619) 

(D  ) = 0.835  m 

I P^N 

c.  Comparison: 

(D  ) 

, 2.553 

(D  ) 0.835 

\ p}^^ 

Example  3.  Three  Nozzles  (Triangular) 
a.  Calculation  by  Eq.  (l.  17): 

(D  ) .0.194(2.619.1^) 

u 

(d  ) = 1.434  m 

' p'g 
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b.  Calculation  by  Eq.  (1.9): 


I Dpi  =0.  184  ^/F'  (2.619)  m 


/D  ) = 0.835  m 

I p/n 


c.  Comparison: 


1.434 

0.835 


1.718 


D ) 

p'g 

For  the  four  nozzle  case  one  finds  similary  that  /p  v — = 1.72,  while  for 

( p)n 

the  five  nozzle  pentagon  this  ratio  is  approximately  2.00,  and  for  the  six 
nozzle  configuration  the  ratio  is  1.82. 

From  the  above  illustrations  it  is  evident  that  the  calculation 
of  the  effective  plume  diameter  via  the  "averaging"  method  of  Eq.  (l.9) 
yields  a plume  diameter  that  is  too  small  by  a foctor  of  approximately  two 
at  the  lower  altitudes  where  p has  values  between  0.01  and  I bar.  At  high 
altitudes  however  where  F(p  ,p  ,y)  becomes  large,  the  opposite  is  true,  and 

3 C 

Eq.  (1.9)  gives  values  for  D that  are  higher  than  those  estimated  by  the 

_9 

geometric  relations  (I.I3)  through  (I.I9).  For  example  at  p^  = 5.52  x 10 
bars  (altitude  = 140  km),  one  finds,  assuming  again  y = 1.25  and  p^  = 55.2 
bars,  that  F(p  ,p  ,y)  = 5,473.25.  Thus  for  two  nozzles,  one  obtains  in  this 
case  (Dp)|,^  = 1,424.22  meters  from  Eq.  (l.9),  while  Eq.  (l.  19)  gives  (Dp)Q  = 

= 1,007.89  meters.  For  more  than  two  nozzles,  (0p)|^  Is  even  much  larger  than 
(Dp)j,  , and  approximately  (t5p)|^/(Dp) g ~ at  high  altitudes. 
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The  geometric  method  fails  to  account  for  intermixing  of  the  jets 
from  different  nozzles.  It  assumes  that  gas  in  the  intermixing  overlap 
regions  of  different  Jets,  results  in  a gas  at  the  same  pressure  and  density 
as  the  gas  in  non-overlap  regions,  which  is  of  course  unphysical.  The 
"averaging"  method  on  the  other  hand  assumes  that  the  Jets  are  completely 
and  thoroughly  mixed  and  issue  from  one  "averaged"  nozzle. 


At  high  altitudes  where  the  Jets  of  the  different  nozzles  have  to 


travel  a considerable  distance  before  reaching  the  max'mum  diameter  , and 
where  there  is  some  time  available  for  intermixing,  the  "averaging"  method 
for  calculating  plume  diameters  should  be  quite  adequate.  At  the  lower  alti- 
tudes however,  where  expansion  to  the  maximum  plume  diameter  is  rapid  and 
takes  place  before  high-pressure  Interference  shocks  can  travel  and  reach 
the  boundaries  of  the  Jets,  the  simple  geometric  method  outlined  above  should 
suffice,  rts  a compromise  therefore  one  may  assume  the  following  relation 


Her 


0 1 ume 

di  ameter 

of  a 

mu  1 ti -nozzle 

rocket: 

(D 

) = ( 

D ) 

h(d  - d ) + 

(d  ) H 

D - D ) 

, m 

\ P 

^eff  ^ 

p'g 

' Pg  Pn' 

1 P^N 

Pn  Pg^ 

) is 

the  unit 

step 

function  ^ H(x 

io)  ^ 1 ; 

H(x<  0)  = 

0],  and  ( 

(1.20) 


states  thus  simply  that  (0^)  Is  the  larger  of  D_  and  D . Expressions 

P eff  Pq  PN 

for  (Dp)|^j  and  (^^p)q  to  be  used  in  (l.20)  are  of  course  (l.9)  and  (I.I3) 
through  (l.l9),  depending  on  the  number  of  nozzles. 
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NOMENCLATURE  AND  UNITS 


The  various  symbols  adopted  in  the  Rocket  Radiation  Handbook  consti- 
tute a compromise  between  those  that  are  current  in  various  disciplines.  For 

2 

example,  the  symbol  o>  which  was  adopted  for  microscopic  cross-sections  (cm  ), 
is  presently  used  by  most  applied  atomic  scientists  and  nuclear  engineers, 
although  theoretical  nuclear  physicists  often  prefer  Q and  some  chemical 
kineticists  employ  S for  this  parameter.  Since  Q and  S have  already  other 
well-established  meanings  in  engineering,  ct  was  chosen  in  this  case  for  cross- 
sections.  A determined  effort  was  made  throughout  to  stay  as  close  as  is 
practically  possible  to  already  established  nomenclature. 

The  symbols  adopted  for  radiometric  quantities  are,  with  few  excep- 

> 

tions,  in  conformity  with  those  recommended  by  the  "Working  Group  on  Infrared 
Backgrounds,"  Report  No.  2389-3-S,  Unlv.  of  Michigan  Institute  of  Science  and 

Technology  (1956).  Further,  the  mks  (meter,  kilogram,  second)  system  of  units 

I 

is  used  throughout,  although  in  some  Instances  a conversion  to  English  units 
(foot,  pound,  second)  is  provided  for  the  benefit  of  those  that  are  still 

accustomed  to  it. 

f 

t 
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a ,a(x ) 


a 

e 


a 

o 


A 


A 

e 


A 


exh 


A 

proj 


A 

s 


A 


t 


A 

0 


A.,  A? 

I ' I 


AB 


ABCD 


ATMP 


= Earth  albedo  or  total  solar  reflectance  (at  wavelength 
X)  from  earth  atmosphere  and  surface. 

- Wavelength-averaged  earth  albedo 

= Concentration  of  entering  AB  reaction  region  (used 
in  Appendix  E only),  moles  per  kgm  of  air  plus  exhaust. 

- Original  radius  of  axisymmetric  exhaust  plume,  ni. 

--  Radius  of  bottom  face  of  a full  cone,  m. 

= Radii  of  end  faces  of  truncated  cone,  m. 

2 

= General  surface  area,  m . 

2 

- Rocket  nozzle  exit  plane  area,  m . 

2 

= Plume  maximum  cross-sectional  area,  m . 

= Projected  surface  area,  oi  element  of  projected 

2 

surface  area,  of  diffusely  emitting  object,  m . 

2 

= Sensor  f ield-of-view  area  at  target,  m . 

2 

= Rocket  nozzle  throat  area,  m . 

23 

= Avogadro's  number  = 6.025  x 10  molecules/mole. 

= Einstein  total  radiative  decay  constant  for  excite'^ 
level  i;  A°  = JA°  , sec  *. 

j 

= Einstein  radiative  decay  constant  for  transitions 

. . -I 

I -•  j , sec 


= Afterburning  radiation  mechanism  occurring  in  rocket 
plumes  (used  as  subscript  and  in  abbreviation). 

= Combined  afterburning  and  collisional  deceleration 
radiation  (used  as  subscript  and  in  abbreviation). 

= Abbreviation  for  atmospheric  pumping  mechanism. 

Used  also  as  subscript. 

438 


b 


b(v  ,v.j  ,Av  jj) 


8 


--  Original  concentration  of  0^  entering  ABCD  region 
(used  in  Appendix  E only),  moles  per  Kgm  of  air 
plus  exhaust. 


Dimensionless  spectral  band-shape  or  line-siiape  func- 
tion for  photon  emissions  of  frequency  v from 
transitions  i -♦ j with  frequency  spread  Avjj- 


= Exhaust  jet  or  plume  parameter  defined  by  Eq.  (3.228). 


B(  X.) 


= Stimulated  deexcitation  rate  of  excited  levels  of  i 
of  species  X,  sec 


c 


c 

c 


C,dC 

C 

e 


C(X.) 


c. 

I 


c ,c 

a' 


e 


= Velocity  of  light  = 2.99793  x 10®  m/sec. 

= Average  molecular  velocity  of  molecules  escaping 
from  the  plume  core  region  in  deep  space,  m/sec. 

V 

2 

= Surface  area,  element  of  surface  area,  m . 

= Imaginary  surface  surrounding  region  in  space  where 

2 

exhaust  gases  emit  all  radiation,  m . 

= Resonant  photon  capture  rate  by  species  X resulting 
in  the  excitation  of  level  i,  sec  *. 

= Molar  heat  capacity  of  air  and  exhaust  molecules  (at 
constant  pressure).  Joules  • (°K)  per  mole  or  per 
molecule. 

= Specific  particle  production  factor  or  species  i, 
part  ides /kgm. 
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- Collisional  deceleration  radiation  mechanism 

occurring  in  rocket  plumes  (used  as  subscript  and  in 
abbreviation) . 

= Undisturbed  core  or  mach  cone  radiation  mechanism 
occurring  in  rocket  plumes  (used  as  subscript  and 
I n abbrev iat ion) . 


=-  Collision  diameters  ot  general  molecules  ni,  of  air 
molecules  A,  and  exhau-st  molecules  X,  m or  cm. 


= Average  particle  diameter  of  solid  entrained  particles 
(of  species  i or  X)  in  exhaust,  m or  ^m. 

= Effective  diameter  of  equivalent  cylindrical  AB 
chemical  reactor,  m. 

= Truncated-cone  largest  body  dimension  defined  by 
Eq.  (C-41),  m. 

= Rocket  nozzle  exit  diameter,  in. 

= Exhaust  gas  diameter  for  adiabatic  isentropic  expan- 
sion to  ambient  pressure,  m. 

“ Exhaust  gas  diameter  for  isentropic  expansion  to 
ambient  pressure  with  radiation  loss  correction,  m. 

= Radiation-limited  plume  diameter  defined  by  Eq.  (3.361). 


= Equivalent  cylindrical  diameter  of  rocket  exhaust 
plume,  m^ 
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I 


D 

s 


D 

V 


D 


D 


2 


^ABCO 


D(X.) 


D. 

I 


DSPR 


Sensor  f i el d-of-v i ew  diameter  at  the  target,  m. 

Rocket  nozzle  throat  diameter,  m. 

Rocket  vehicle  body  or  skirt  diameter,  m. 

- Diameters  of  end  faces  of  truncated  cone  ( > D|),  m. 

•-  Imaginary  equivalent  cylindrical  diameter  of  ABCD 
emission  region,  m. 

= Photon  emission  rate  by  species  X from  excited  level 

-I 

I , s ec 

= Deep  space  plume  radiation  mechanism  occurring  for 
rocket  exhausts  in  the  exosphere,  used  in  subscripts 
and  in  abbreviation. 

2 

= Diffusion  coefficient,  of  molecules  X.  or  X,  m /sec. 

I 

2 

= Turbulent  diffusion  coefficient,  m /sec. 

= Total  diffusion  coefficient  due  to  molecular  diffusion 

2 

end  turbulence,  m /sec. 


I 


Nozzle  area  (or  expansion)  ratio. 


Photon  emission  rate  due  to  deexcitations  from  level  i, 

-I 

sec  . 


E. 


I on 


Ionization  energy  of  an  atom  or  molecule.  Joules  or  eV. 


t 
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^ Weight  fraction  of  condensable  species  in  rocket 
exhaus  t . 


rc  i 


fi  X) 


fU) 


f(s),  fCljl' 


fov 

F 

F 


F 


Relative  fractional  probability  for  level  i to  deexcite 

to  level  j;  f..  = A?.[X»A?.l 
U U[ j u] 

= Average  probability  that  recombining  electrons  will 
cascade  through  level  i. 

^ Special  function  defined  by  Eq.  (G.6)  or  (G.8)  used 
in  formula  for  photoionization  cross-sections  (used 
in  Appendix  G only). 

= AB  reaction  function  tor  CO  afterburning  defined  by 
Eq.  (E.72)(used  in  Appendix  E only). 

= Specular  photon  reflection  function  defined  by 
Eq.  (?.30),  dependent  on  angle  of  incidence  and 
photon  wavelength. 

= Specular  photon  reflection  functions  for  perpendicular 
(]^)  and  parallel  (||)  polarized  light,  defined  by 
Eqs.  (3.31)  and  (3.32). 

= Functions  giving  angular/geometry  dependences  of 

the  photon  reflectivity  of  a body's  surface  for  sun- 
body-observ«r  angle  ijr  (see  Eq. (3 . 20)  through  (3.24) 
and  section  2.2) . 

= Field-of-vlew,  used  in  abbreviation  and  as  subscript. 

= Rocket  thrust,  Mgm(F),  kgm(F),  or  Newtons. 

= Exhaust  gas  diameter  expansion  ratio  defined  by 
Eq.  (3.367). 

= Earthshine  irradiance  factor  for  a space  body  (see 
figure  3.8) . 
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F 

V 


F(Xj)  = 


F. 

1 


FIR 


- F i el d-of-v i ew  factor  to  correct  for  aspect-angle 

dependence  of  radiant  intensity,  defined  in  Appendix 

C. 


- Population  rate  of  excited  level  i and  species  X due 
to  radiative  decay  from  higher  levels  j > i,  sec 

= Far-infrared  part  (8  ^ X ^ 20  |j,m)  of  the  electro- 
magnttic  spectrum.  Used  in  abbreviation. 

= Reaction  mass  feed  rate  to  equivalent  AB  chemical 
reactor  region,  kgm/sec. 


q 


c 


9f 

% 


= Concentration  of  propellant  fuel  burnt  in  rocket 
chamber,  mc’es  per  kgm  of  total  propellants. 

= Concentration  of  unburnt  fuel  leaving  rocket  nozzle, 
moles  per  kgm  of  total  exhaust. 

= Concentration  of  exhaust  species  X (X  = H^O,  CO,  CO2, 
etc.)  in  rocket  exhaust  gas,  moles  per  kgm  of  total 
exhaust. 

= Concentration  of  exhaust  species  X at  excited  level  i 
in  rocket  exhaust  gas,  moles  per  kgm  of 'total  exhaust. 

= Concentration  of  condensable  exhaust  species  i in 
rocket  exhaust,  moles  per  kgm  of  ♦•otal  exhaust. 


= Total  moles  per  kgm,  at  entry  point  (subscript  o) , of 
reactants  (used  in  Appendix  E only). 


q(  x) 


= AB  reaction  function  defined  by  Eq.  (E  44)(uscd  in 
Appendix  E only) « 
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G 


= Total  mass  density  of  reactants  in  AB  region,  gm/cm  . 


G(  X . ) 


G. 

I 


= Net  influx  or  outflux  of  molecules  X in  excited 

. ^ -I 

state  I due  to  transport,  sec 


h 

h 


= Altitude,  km 

-27 

= Planck's  constant  = 6.6252  x 10  erg. sec  (when 
appearing  next  to  frequency). 


h 


H 


= Height  of  undisturbed  Mach  cone,  m. 

= Reaction  function  for  HgO  production  by  AB  process 
defined  by  Eq.  (E.50)(used  in  Appendix  E only). 

2 

= Irradiance  or  Illumination  intensity,  watts/m  . 


H 

o 


= Total  solqr  irrqsliqhce  or  illumination  intensity  from 
the  sun  in  the  vicinity  of  planet  earth,  watts/m  . 

:V  ■ * . 

= Irradiance  or  illumination  intensity  in  wavelength 

2 

range  AX,  watts/m  . 


Hg(x) 


= Irradiance  or  illumination  Intensity  at  wavelength  X 

2 

from  background  radiation,  watts/m  . 


- Irradiance  or  illumination  intensity  due  to  earthshine 

2 

(at  wavelength  x),  watts/m  . 


Hj(x) 


Irradiance  or  illumination  intensity  at  wavelength  X 

2 

from  3 general  illuminating  source,  watts/m  . 


Hs(x) 


= Irradiance  or  illumination  intensity  at  wavelength  X 

2 

from  the  sun,  watts/m  . 
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0 


) 


= Irradiance  or  illumination  intensity  at  wavelength  X 

2 

from  a radiating  target,  watts/m  . 

-2  - 1 

= Spectral  solar  irradiance,  W • m * nm  . 

= Heav'side  unit  step  function;  H( x)  = 0 for  x < 0, 
H(x)  = I,  for  X ^ 0. 


= Enthalpy  of  exhaust  gas  in  the  nozzle  exit  plane. 
Joules/mole  or  kcal/mole. 


,AHx 


= Molar  heat  of  combustion  of  rocket  fuel,  or  species 
X,  Joules/mole  or  kcal/mole. 


= Used  as  a subscript  to  indicate  an  excited  level  in 
an  atom  or  molecule. 

= Rocket  propellant  specific  impulse,  sec. 

= Infrared  part  ( I ^ X ^ 20  pim)  of  the  electromagnetic 
spectrum.  Used  as  subscript  and  in  abbreviation. 

= Integrated  cloud  observation  viewing  condition;  used 
as  subscript  and  in  abbreviation. 


= Used  as  a subscript  to  indicate  an  excited  level  in 
an  atom  or  molecule. 

= Radiant  intensity,  watts  • ster"*. 
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J(\) 

J(^) 

dJ/d\ 

dj/d^ 

'^ABCD 

'^CORE 

'^DSPR 

'^SUAR 

'^ATMP 

■^SOSP 

‘^VBSR^ 


= Radiant  intensity  at  wavelength  X,  watts  • ster 

= Radiant  intensity  at  frequency^,  watts  • ster 

•Sft 

dj(x)/dx  = Radiant  intensity  at  wavelength  X per  unit  wavelength, 

watts  • ster  * . ^ tn  * 

dj(i))/di)  = Radiant  intensity  at  frequency  »)  per  unit  frequency, 

- 1 - 1 - 1 
watrs  • ster  • THz  ,or  watts  • ster *Hb 

= Radiant  intensity  rue  to  the  ABCD  mechanism  in  a 
rocket  plume  onlv  v't>Uts  • ster 

= Radiant  intensity  due  to  the  CORE  mechanism  in  a rocket 
plume  only,  watts  • ster  , 


= Radiant  intensity  from  a rocket  plume  in  deep  space, 
watts  • ster"*. 


'*VBER 


= Radiant  intensity  from  a rocket  plume  due  to  solar 
ultraviolet  absorption  and  reemission,  watts  • ster 

= Radiant  intensity  due  to  atmospheric  pumping,  watts  • 
ster 

= Radiant  intensity  due  solar  photon  scattering  by 
particles  in  rocket  exhaust,  watts  • ster 

= Radiant  intensity  due  to  rocket  vehicle  body  solar 
reflections  (VBSR)  and  earthshine  reflection  (VBER), 
watts  • ster  *. 


= Used  as  a subscript  to  Indicate  a general  excited  level 
in  an  atom  or  molecule. 
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k 


k 


d 


k , k 
^ "’r 


K 

o 


-23  - 1 

= Boltzmann's  constant  - 1.3804  x 10  Joule  • (°K)  , 

when  appearing  next  to  temperature  T. 

- Collision  factor  from  the  kinetic  theory  of  gases; 
k^  = 1.000  for  hard-sphere  molecules,  k^  = 1.2652  for 
"inverse-fifth-power-repulsion"  molecules  (Ref.  34), 

= Forward  ( f ) and  reverse  ( r)  chemical . react  ion  rate 
constant  for  reaction  m (used  in  Appendix  E only), 
cm  -mole  • sec  (first-order  reactions)  or 
cm^'tnole  * • sec  * (second-order  reactions). 

= Effective  overall  AB  chemical  rate  constant  (used  in 

A .r  3 , -I  -I 

Appendix  E,  cm  • mole  .sec 


I 

L 


c 


c 


L 

P 


L(X.)=L. 


■ABCD 


= Lengvh  of  (truncated)  cone,  m. 

= Mean  free  path  for  molecular  collisions,  m or  cm. 

= Length  of  cylindrical  body,  m. 

= Longest  linear  dimension  of  optically  dense  plume 
cor~  in  deep  space,  m. 

= Equivalent  cylindrical  radiating  plume  length,  m. 

= Collisional  deexcitation  (V-T)  rate  of  excited  levels 
of  species  X,  sec  *. 

= Average  length  of  Mach  core  region,  m. 

= Imaginary  equivalent  cylindrical  length  of  ABCD  mixing 
region,  m. 
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L 


a 


,L 


= Length  of  equivalent  cylindrical  AB  chemical  reactor, 
m. 


L = Relative  intensity  of  special  solar  spectral  lines  in 

m 

the  UV  (see  table  3-2). 


l(§),  ' 


Reaction  length  (defined  by  Eq.  (E.49)  or  (E.7I';  for 

conversion  of  H2O  and  CO^  in  AB  region  to  the  limit 

values  f.  or  (used  in  Appendix  E only). 

H-U  UU- 


m 


m 

a 


m 

e 


m 


I 


m 


tot 


M ,M  . 
a air 


M 

e 


U\)^L(y) 


Real  part  of  the  optical  index  of  refraction  of  a 
material . 

-3 

Molar  density  of  air,  moles  • m ' . 

Molar  density  of  rocket  exhaust,  moles  • m 

Molar  density  in  CORE/ABCD  interface  region  moles  • 

-3 

m . 

Total  number  of  reactants  per  unit  volume  (used  in 
Appendix  E only),  moles  ♦ cm  . 

Molecular  mass,  amu  (=  molec.  wt.)  or  grams. 

Average  molecular  weight  of  air,  amu  (=  gms/mole)  or 
kgm. 

Average  molecular  weight  of  rocket  exhaust  in  nozzle 
exit  plane,  amu  (=  gm/mole). 

Molecular  weight  of  condensables  (of  species  i)  in 
rocket  exhaust,  amu  (=  gm/mole). 
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M 


X 


MIR 


M 

a 

M.  . 

ij 


= Molecular  weight  of  gaseous  rocket  exhaust  species  X, 
amu  (=  gm/mole). 

= Reduced  mass  of  molecules  X-Y  collisions,  defined  by 
Eq.  3.71,  amu  (=  gm/mole). 

= Mid-infrared  part  (4  s X s 8 |im)  of  the  electromagnetic 
spectrum.  Used  in  abbreviation. 

= Vibrational  mass  of  normal  vibrations,  amu. 

= Effective  vibrational  mass  for  transition  i -•  j , amu. 


n 


n ,n(  X. ) ,n. 


n 


a 


n . 


a I r 


Ha(h) 


= Molecular  density,  mol ecul es/m^. 

= Molecular  density  of  molecules  X,  mol ecul es/m^. 

= Molecular  density  of  molecules  X in  excited  state  i, 
molecules/m^. 

3 

= Molecular  density  of  air,  molecules/m  . 


n 

o 


= General  background  gas  molecular  density  which  diffuses 
into  gaseous  Jet,  mol ecul es/m^. 


n 

e 


tot 


= Molecular  density  of  exhaust  in  nozzle  exit  plane, 
mol ecul es/m^. 

= Total  molecular  density,  molecules  per  m^. 


N 


a Molecular  density  of  fuel  molecules  in  exhaust, 
molecules  per  m . 

-2  - 1 

» Total  radiance,  watts  • m . sr  . 
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N 

<3 


N , ,N 
exn  e 


N,,N(Xj) 


= Flow  rate  of  molecules^  molecules  -sec 

= Total  number  of  air  molecules  in  ABCD  region  of  plume. 

= Total  number  of  exhaust  molecules  in  ABCD  region  of 
plume. 

= Total  number  of  molecules  of  species  X at  excited 
level  i. 


N.  . 
ij 


H 

P 


= Total  number  of  excitations  or  deexcitations  i-*j. 

= Total  number  of  condensed  (liquid  or  solid)  particles 
in  rocket  exhaust  released  in  atmosphere. 

= Total  number  of  molecules  of  species  X. 

-2  - 1 - 1 

= Spectral  radiance,  watts  m *sr  • i.im  . 

-2  -I  -1 

= Spectral  radiance,  watts  • m • sr  • Hb  . 


I 


= Number  of  photons. 

= Number  of  photons  emitted  from  excited  levels  i. 


NIR 


= Near-infrared  part  (0.7  s \ s 4 |jm)  of  the  electro- 
magnetic spectrum.  Used  in  abbreviation. 


P 


= General  gas  pressure,  bars. 


= Moles  of  CO  entering  AB 
exhaust,  defined  by  Eq. 
only) . 


region  per  kgm  of  air  plus 
(E. 60) (used  In  Appendix  E 
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Pg(h) 


P 


o 


P 


c 


p 


tot 


O I 


p 


r 


P 


^CORE 


P(Xj) 


P. 

I 


= Ambient  air  or  atmospheric  pressure,  bars. 

= Exhaust  gas  pressure  in  rocket  nozzle  exit  plane, 
bars. 

= Design  pressure  of  exhaust  gas  in  nozzle  exit  plane, 
bars. 

= Rocket  chamber  gas  pres'iure,  bars. 

= Total  pressure,  bars. 

= Average  excape  probabi  lity  ^or  photons  emitted  from 
level  i to  escape  from  plume  without  being  reabsorbed. 

= Probability  of  exciting  level  i in  a collision  between 
an  exhaust  and  air  molecule  in  the  AVMP  process. 

= Atmospheric  pressure  at  altitude  where  radiation 
cloud  diameter  prevails  (Eq.  3.361),  bare. 

= Radiant  power  = Total  rate  of  energy  emitted  by  a 

1 

body,  watts.  ‘ 

= Total  radiant  power  emitted  from  the  CORE  region,  watts.  ^ 

= Coliisional  excitation  ( T-V)  rate  of  excited  levels  i 
of  species  X,  sec 


o 


= Boltzmann  exponent  factor  defined  by  Eq.  (3.187). 

= Moles  of  ©2  per  kgm  of  exhaust  plus  air  entering  AB 
region,  defined  by  Eq.  (E.6l)(used  in  Appendix  E only). 


Q 


= Used  as  subscript  on  temperature  T and  velocity  V for 
ABCO  region. 
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r 


r 


r 


X 


'‘h20’''C02 


r 

Oi  f I 


R 


R 

R 

R^ 

U 

R(  X.)  = Rj 


Re 

RW 


= Radius  of  cylindrical  body,  m. 

= General  position  vector,  m. 

= Radial  distance  from  rocket  plume  axis  to  diffusion 
front,  m. 

= Collision  radii  of  air  (A)  ^nd  exhaust  (X)  molecules, 
cm  or  m. 

= Rate  of  reaction  of  HjO  and  CO^  production  (used  in 
Appendix  E only),  moles  • cm”^  • sec"*. 

= Equilibrium  separation  for  normal  vibratiqna  in 
electronic  excited  level  i (used  in  vibronic  band 
calculations),  cm. 

= Gas  constant  = 8.317  Joules  • (°K)  * • mole  *. 

= Radius  of  spherical  body,  m. 

= Radius  measured  from  center  of  earth,  m or  km  ^ 

= Earth  radius,  m or  km. 

2 

= Transition  (i-*j)  matrix  element,  cm  . 

= Rate  of  excitation  of  levels  i of  species  X due  to 

V-V  resonant  potential  energy  transfer  collisions, 

-I 

sec  . 

= Reynolds  number. 

= Radarwave  part  (20^  X ^ 10,000  ^^m)  of  the  electro- 
magnetic spectrum.  Used  in  abbreviation. 
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s 


ds 

S 


^HACR 


S(  X.) 


s. 

I 


s 

s 


s(  r') 


S 

o 


SUAR 


SOSP 


= Moles  of  COg  produced  due  to  CO  afterburning  in  ABCD 
region  per  kgm  of  air  plus  exhaust  (used  in  Appendix  E 
on  I y) • 

2 

- Unit  surface  element  vector,  m . 

= Distance  between  observer  and  rocket,  m. 

= Length  of  rocket  trail  in  the  part  of  the  atmosphere 
where  the  atmospheric  pumping  mechanism  is  active,  m. 

= Length  of  rocket  trail  in  that  part  of  the  atmosphere 
where  high-al c itude  chemical  reactions  are  active,  m. 

- Rate  of  deexcitation  of  levels  i of  species  X due  to 

1 esonant  V-V  potential  energy  transfer  collisions, 

-I 

sec 

= Approximate  solar  UV  atmospheric  transmission  factor 
defined  by  Cq.  (3.300). 

= Initial  distribution  of  molecules  (as  a function  of 
point  r')  In  diffusion  problem  at  time  t = 0 (used 
only  In  Appendix  D) . 

= Total  number  of  molecules  in  diffusion  problem  (used 
only  in  Appendix  O) . 

= Solar  uitraviolet  absorption  and  reradiation  mechanism 
occurring  in  rocket  plumes  at  high  altitudes  (used  as 
subscript  and  in  abbreviation). 

= Scattering  of  solar  photons  by  particles  in  rocket 
plume  (used  as  subscript  and  in  abbreviation). 


I 


t 
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AP 


HACR 


T 

T 


exh 


= Time,  sec. 

= Time  measured  from  rocket  thrust  cessation,  sec. 

= Rocket  burn  time,  sec. 

= Time  of  travel  for  the  inwards  moving  turbulent 

diffusion  front  to  reach  the  axis  of  the  exhaust  jet, 
starting  at  the  nozzle  exit  plane,  sec. 

= Rocket  travel  time  in  region  of  the  atmosphere  where 
atmospheric  pumping  is  active,  sec. 

= Rocket  travel  time  in  region  of  the  atmosphere  where 
high-altitude  chemical  reactions  are  active,  sec, 

= Field-of-view  transit  time  defined  by  Eq.  (3,264),  sec. 

= General  temperature  of  a body  or  gas,  °K. 

=•  Temperature  of  ambient  air  or  atmosphere,  °K. 

= Rocket  combustion  chamber  temperature,  °K. 

= Rocket  nozzle  exit  plane  temperature,  °K. 

= Temperature  of  rocket  exhaust  gas  after  expansion  to 
ambient  pressures  assuming  adiabatic  isentropic 
expansion,  ®K. 

= Temperature  of  rocket  exhaust  gas  after  expansion  to 
ambient  pressures  assuming  isentropic  expansion  with 
radiation  corrections,  ®K. 

= Design  temperature  in  rocket  nozzle  exit  plane, 

= Average  temperature  of  exhaust  and  air  in  ABCD  mixing 
region  .due  to  all  possible  effects,  °K. 
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Average  temperature  of  exhaust  gas  entering  the  ABCO 
mixing  region,  °K. 


Ti.Ti 


Average  interface  temperature  in  boundary  between 
CORE  and  ABCO  region,  °K, 


Average  temperature  of  exhauu  gases  at  and  air  at 
r when  mixed  without  AB  or  CO  heating  effects,  °K. 


Mean  temperature  increase  in  ABCO  mixing  region  due 
to  afterburning,  °K. 

Mean  temperature  increase  in  ABCO  mixing  region  due  to 
collisional  decelerat ion  , °K. 


Tr  = Tr(  S,X , h) 


= Mean  temperature  in  Mach  core,  ‘'K. 


= Atmospheric  transmission  for  distance  S,  wavelength  X, 
and  alt itude  h. 


Tr  = Tr  ( h) 
s s 


Transmission  of  solar  UV  from  outer  space  into  the 
atmosphere. 


Target  tracking  observation  viewing  condition;  used 
as  subscript  and  in  abbreviation. 


= Kinetic  energy  of  a molecule  (X),  ergs  or  Joules. 

= Energy,  Joules  or  ergs. 

= Ultraviolet  (200  s X ^ 380  nm)  part  of  the  electro- 
magnetic spectrum.  Used  as  subscript  and  in 
abbreviat ion. 
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UVIR  :=  U1 1 rav iol et-v I s { b 1 e- i nf  rared-rada rwave  (0.  I ^ K ^ 

1000  mm),  or  molecular  emission  part  of  the  electro- 
magnetic spectrum.  Used  in  abbreviation. 

UVIS  = Combined  ultraviolet  and  visible  (200  ^ \ ^ 700  nin) , 

of  the  electronic  emission  part  of  the  electromagnetic 
spectrum.  Used  as  subscript  and  in  abbreviation. 


a/X 


YX 


= Mean  molecular  velocity,  m/sec  or  cm/sec 

= Mean  relative  molecular  velocity  between  air  and 
exhaust  molecules,  m/sec  or  cm/sec. 

= Average  molecular  velocity  of  molecules  Y with  respect 
to  molecules  X,  m/sec. 


V 


= Vibrational  quantum  number. 


= Vibrational  quantum  number  of  normal  vibrations, 
in  state  i. 


Av. 


a 


V 

V 

a 

V 

c 


= Change  in  the  vibrational  quantum  number  of  normal 

vi brat  ion  s i n a t rans i t i on  i -»  i ; Av  = v - v 

a a . a . 

' J 

= General  bulk  velocity,  m/sec 

= Average  velocity  of  air  relative  to  the  plume,  m/sec. 

= Mean  bulk  velocity  (relative  to  the  rocket)  of  the 
molecules  in  the  core  region  of  the  plume  in  deep 
space,  m/sec. 

= Turbulent  friction  velocity,  m/sec. 
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= Nozzle  exit  plane  velocity  of  rocket  exhaust,  m/sec. 


= Design  nozzle  exit  plane  velocity,  m/sec. 


V ' . V 
exh  exh 


Average  velocity  of  exhaust  gas  upon  adiabatic 
isentiopic  expansion  to  ambient  pressures  relative 
to  rocket,  m/sec. 


V,,Vf 


Average  inwards  diffusion  front  velocity  of  air  moving 
into  the  plume,  m/sec. 


Inwards  diffusion  front  velocity  of  air  due  to 
molecular  diffusion  only,  m/sec. 

Inwards  diffusion  front  velocity  of  a i >*  due  to  turbulent 
diffusion  only,  m/sec. 

Velocity  of  exhaust  gas  upon  isentropic  expansion  to 
ambient  pressures  with  radiation-correction  accounted 
for,  m/sec. 


V.  = V.(  r) 

I I 


Bulk  vector  velocity  of  exhaust  molecules  X in  excittJ 
level  i at  position  7,  m/sec. 


V ,V 
r r 


V = V (h) 

V V 


Mean  velocity  of  exhaust  molecules  in  Mach  core  rela- 
tive to  the  atmosphere,  m/sec. 

Rocket  vehicle  velocity  (dependent  on  altitude  h), 
m/sec. 


V,  = (V  - V ) 

k V X 


Average  air-relative  exhaust  velocity  in  ABCD  region 
in  axial  ( x)  direction,  m/sec. 


Average  bulk  velocity  of  exhaust  gas  iri  Mach  core 
region  relative  to  the  rocket,  m/sec. 


Mean  velocity  of  exhaust  gas  ‘n  the  ABCD  region 
relative  to  the  rockot,  m/sec. 


■ vr  . ■ . 
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V 

X 

V 

y 

'^APCD 

VIS 

vuv 

VBSR 

VBER 

VBSE 


w . 

I 

W 

w 

w u 
BB' 
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= Mean  velocity  of  exhaust  gascS  in  ABCD  region  in  the 
axial  x-direction  relative  to  the  rocket,  m/sec. 

= Mean  velocity  of  exhaust  gases  in  ABCD  region  in  the 
y-direction  perpendicular  to  the  axial  x-axis  relative 
to  the  rocket,  m/sec. 

= Average  velocity  of  molecules  (relative  to  the  rocket) 
entering  the  ABCD  region,  m/sec. 

= Visible  region  (330  s X 700  nm)  of  the  spectrum, 

Used  as  subscript  and  in  abbreviation. 

= Vacuum  ultraviolet  part  ( 10  ^ X ^ 200  nm)  of  the 
electromagnetic  spectrum.  Used  in  abbreviation. 

= Vehicle  body  solar  reflections,  used  as  subscript 
and  in  abbreviation. 

= Vehicle  body  earthshine  reflections,  used  as  subscript 
and  in  abbreviation. 

= Vehicle  body  sel f-emiss i ons,  used  as  subscript  and  in 
abbreviat ion. 


= Statistical  weight  of  excited  level  i. 

= Rocket -expel  led  propellant  mass,  kgm. 

= Propellant  mass  expulsion  rate,  kgm/sec. 

= Total  radiant  emittance  per  unit  surface  area 

(integrated  over  all  solid  angles  and  wavelengths) 
for  a black-body  (BB),  gray-body  (GB),  Watts *m 
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W = Total  radiant  emittance  per  unit  surface  area 

tot 

(Integrated  over  all  solid  angles  and  wavelengths) 

_2 

for  a general  solid  or  gaseous  body^  watts  • m . 

Total  radiant  emittance  per  unit  surface  area  at 

wavelength  X integrated  over  all  solid  angles^  for 

respectively  a black-body  and  a general  body^ 

-2 

watts  • m . 


X = X -direct  ion  along  axis  of  jet  or  plume,  m. 

^ 0^  ~ Molts  of  H2O  produced  per  kgni  of  reactant  mass  In 

^ reaction  AB  region  (used  in  Appendix  E only), 

product 

X = Anharmonic  constant  of  normal  vibration  cr. 

o 

X..  = Effective  anharmonic  constant  for  transition  i-*j. 

X,Xj  = General  designation  for  exhaust  species  (X  = C0„, 

H2O,  CO,  etc.),  at  internally  excited  level  i. 


y - Mole  fraction. 

y = Mole  fraction  of  air. 

a I r 

= Mole  fraction  of  species  X. 

V,Yj  =«  Designation  for  second  molecul^ir  exhaust  species 

(Y  « HgO,  CO2,  etc.)  In  excited  state  i. 
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z*  = z*(  h) 
c c' 


= Collisional  excitation  rate  factor  in  the  atmosphere 

^ . . . -I 

for  atmospheric  pumping,  sec 


= Chemical  reaction  rate  factor  in  the  atmosphere  for 
high-altitude  chemical  reactions,  sec 


Xd 


= Photo-dissociation  rate  for  molecules  X in  the  exo- 
sphere under  sola.*  UV  illumination,  sec 


z 

a 


= Oipole  charge  number  of  normal  vibration  a for 
infrared-active  transitions. 


z . . 

U 


Effective  vibrational  dipole  charge  number  for 
t rans  i t ion  i j . 


Z 


eff 


Effective  charge  number  ♦'or  outer  (ionizable)  electrons 
in  atom  or  molecules. 


Z ,Z  = Partition  or  "sum-of-ststes”  function  of  internal 

q V 

energy  modes. 


= Partition  function  of  the  vibrational  energy  states 
of  a molecule. 


a 


a 


5 


a 


o 


ot . 


eff 


= Aspect  angle,  that  is  angle  between  1 ine-of-siqht  and 
rocket  vehicle  trajectory,  degrees  or  radians. 

= Angle  between  space  object  axis  and  obj ect-to-sun 
line,  degrees  or  radians. 

= Angle  between  space  object  axis  and  obj ect-to-observer 
line,  degrees  or  radians. 

=!  (Effective)  earthshine  illumination  angle  between 
earth-center  to  target  line  and  body  axis  defined  by 
Eq.  (3.50),  degrees  or  radians. 
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P 


B 

Pe 


O' 


Y = c /c 
P V 


Y 


Y = b/a 


Y 


.,Y 


o 


6 


6 = 6(A  ) 

P 


= Dimensionless  constant  defined  by  Eq.  (E.47)  used 
m AA  calculations  (used  in  Appendix  E only). 

= Solar  zenith  angle^  radians  or  degrees. 

= Solar  zenith  angle  at  a point  on  earth  surface  (see 
fig.  3.7),  radians  or  degrees. 

= Radiative  correction  factor  for  expanding  exhaust 
gases  due  to  radiation  in  Mach  core  region,  defined 
by  Eq.  3. 186. 

= Morse  exponential  coefficient  for  normal  vibration  a 
of  electronic  excited  level  i (used  in  vibronic  band 
calculations) . 


= Gas  coefficient  or  ratio  of  specific  heats. 

= Used  as  subscript  to  indicate  a photon. 

= Dimensionless  constant  used  in  AB  -ocess  calculations 
for  defined  by  Eq.  (E.5l)(useri  in  Appendix  E only). 

= Special  angles  defined  by  Eq.  (3,l9)and  the  following 
discussion. 


' • 

= Dimensionless  constant  used  in  AB  cal cu? it  ions  defined 
by  Eq,  (E.46)(used  In  Appendix  E only). 

Angle  between  local  normal  of  an  elemental  surface 
area  dA^  of  the  plume  and  the  sensor's  1 Ine-of-s i ght, 
degrees  ur  radians. 
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= Apex  half-angle  of  conically-shaped  space  body  or 
plume,  degrees  or  radians. 

= Dirac  delta  function;  5(x)  = 0 for  x ^ 0,  6(x)  = I for 
X 0. 


= Emissivity  of  a body  (at  wavelength  \), 

= Wavelength-averaged  emissivity  of  a body. 

= Photon  energy,  Joules,  ergs,  or  eV. 

= Photon  energy  of  photons  emitted  from  level  i,  Joules, 
ergs,  or  eV. 

- Energy  of  level  i in  a molecule  or  atom.  Joules,  ergs, 
or  eV. 

= Energy  difference  between  levels  i and  j in  a molecule 
or  atom.  Joules,  ergs,  or  eV. 

= Dissociation  energy  of  a molecule,  ergs.  Joules,  or 
eV. 


= HI  11 -Draper  plume  parameter  defined  by  Eq.  (3,?27). 

= Ionization  factor  defined  by  Eq.  (G.  12)  used  in 
Rayleigh  scattering  formula. 
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T1 

^AB 


\/i  €u)- //<  froze  CActi^Lt^r/tJj , 
z5y  fQ^  ( ^.f/7 ) 

= 1 1 luminator-target-observer  angle,  degrees  or  radians. 

= Sun-target -observer  angle,  degrees  or  radians. 

= Efficiency  or  fractional  de-j.-  s of  reaction  of  fuel 
in  exhaust  with  atmospheric  oxygen. 


= Conversion  efficiency  of  heat  to  airflow  radiation 
in  vehicle  body  air  friction  mechanism. 

= Fraction  of  molecules  X excited  to  level  i in  ABCD 
region  due  to  the  temperature  increase  by  the  ABCD 
processes. 


9 


9,9 


fov 


9 ,6|j;0 


L 


6 


s 


= Rocket  engine  thrust  angle  relative  to  vehicle 
direction  of  motion,  degrees  or  radians. 

= Field-of-view  angle,  radians. 

= Special  angles  defined  in  figure  3.7  and  by  equation 
(3.49). 

= Photon-particle  scattering  angle,  9^  = rr  - T]^, 
radians  or  degrees. 


0 


= Non-d i mens ional i zed  average  temperature  in  ABCD  region. 


0|,©2  - Non-d li.iens ional  i zed  temperatures  for  ABCD  region  to  be 

used  in  Boltzmann  factor  (subscript  I)  and  in  band- 
shape  function  (subscript  2)  calculations.  Always 

©2  < ©I* 

a/t  hfC'rtcr, 
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= Imaginary  part  of  the  refractive  index  of  a material. 


X 

AX 


I, 


X , . 
ij 


X 

a 


X . 

I on 


X I >X 2 


X 


pd 


X 


d 


X 


dai 


= L /D 
P P 


= Photon  wavelength,  ^m  or  nm. 

= Small  difference,  deviation,  or  uncertainty  in  photon 
wavelength  about  the  value  X,  nm  or  nm. 

= Center  wavelength  of  solar  UV  spectral  line,  nm. 

= Linewidth  of  solar  UV  spectral  line,  nm. 

= Wavelength  corresponding  to  energy  level  i,  ;j,m  or  nm. 

= Wavelength  for  transition  i-»j,  |im  or  nm. 

= Fundamental  wavelength  of  normal  vibration  a,  ^im, 

= Wavelength  below  which  a molecule  can  be  photo-ionized, 
nm. 

= Wavelength  of  first,  second  electronic  excitation 

I 

level(s),  nm. 

= Wavelength  below  which  predissociation  of  the  molecule 
can  occur,  nm. 

= Wavelength  corresponding  to  dissociation  energy  of  a 
molecule,  Hz  or  Hb. 

= Wavelength  at  or  below  which  a molecule  is  photo- 
dissociated  and  excited  level  i is  created  in  one  of 
the  dissociation  products,  nm. 

= Non-d 1 mens  Iona  1 1 zed  plume  length  used  In  view-factor 
calculations 

> 


1 
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\l  = q/p 


"a/e 


Dimensionless  ratio  used  in  AB  process  calculations  for 
CO  defined  by  Eq.  (E.69)(used  in  Appendix  E only). 

Air  to  exhaust  molar  "mixing  ratio"  in  the  ABCD  mixing 
region  of  the  plume. 


V . - V . 

10  ( 


V . . 

U 


Av 


U 


O' 


V , 


I on 


V ,;.V2 


pd 


V . , 
d#  I 


V >v 

P q 


A 


= Photon  frequency,  Hz  or  Hb 

= Frequency  of  level  i,  Hz  or  Hb. 

= Frequency  of  transition  i -•  o,  Hz  or  Hb. 

= Frequency  difference  between  levels  i and  j,  Hz  or  Hb. 

- Frequency  spread  of  emission  band  or  line  from 
transitions  i-*j,  Hz  or  Hb. 

= Rotational  constants  of  molecules,  Hz  or  Hb. 

= Fundamental  frequency  of  normal  vibrat ion  a,  Hz  or  Hb. 

- Frequency  above  which  a molecule  can  be  photo-ionized, 

Hz  or  Hb. 

■ Frequencies  of  first,  second,  electronic  excitation 
level(s)  in  molecule,  Hz  or  Hb. 

= Frequency  above  which  a molecule  can  be  prediosociated 
by  a photon,  Hz  or  Hb. 

= Frequency  corresponding  to  dissociation  energy  of  a 
molecule,  Hz  or  Hb. 

= Frequency  at  or  above  which  a molecule  is  photo- 

dissociated  and  an  excited  level  i is  created  in  one 
of  the  dissociation  products,  Hz  or  Hb. 

= Special  vibronic  frequencies  defined  by  Eqn.  (3.349) 
and  (3.350),  Hz  or  Hb.  . 

‘ f(x.  
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= AB  chemical  reaction  conversion  parameter  giving  the 
number  of  excited  states  X.  produced  due  to  combustion 
reactions  of  fuel  molecules  F with  atmospheric  oxygen, 
per  fuel  molecule  F. 

= Freezing  fraction  = mole  fraction  of  H2O  in  exhaust 
that  freezes  out  in  the  plume. 

= Limiting  AB  chemical  conversion  fraction  for  and 
CO  defined  by  Eq.  (3.216). 

= Limiting  AB  chemical  conversion  fraction  for  H2 
defined  by  Eq.  (3.217). 

= Limiting  AB  chemical  conversion  fraction  for  CO 
defined  by  Eq.  (3.218). 

= AB  conversion  fraction  for  an  infinitely  long  plume. 

= Rotational  enharmonic  coefficients  of  molecules. 


= Reflectivity  of  a material  for  unpolarized  light  at 
normal  incidence  (at  wavelength  X) . 

= Wavelength-averaged  reflectivity  of  a material  or 
body. 

= Reflectivity  of  a material  for  parallel  and  perpendicu- 
lar polarized  1 ight. 

= Average  reflectivity  of  a material  for  unpolarized 
light  in  respectively  the  visible  (VIS)  and  ultra- 
violet (UV)  regions  of  the  solar  spectrum. 
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Density  of  exhaust  gas  in  nozzle  exit  plane,  kgm/m'^ 


‘’i'V’Pp. 


Density  of  solidified  particles  of  species  i in 
rocket  exhaust,  gms/cm^. 


= Special  cross-section  ratio  defined  by  Eq,  (3.81). 


^ a i r’'^  a 


= Dimensionless  vibronic  factor  for  electronic  level  i 

defined  by  Eq.  (3.348)  used  in  vibronic  band  calculations. 

= Density  of  atmospheric  air,  g • cm  kg  • m or 

. -3 

kg  • cm 

= Gas  density  in  CORE/ABCD  interface  region,  gms  • cm  ^ 
or  kgm  * m 


P 


D /D 
s P 


= Dimensionless  geometric  ratio  used  in  view  factor 
calculat ions. 


a 


= Electrical  conductivity,  ohm-cm. 


a 


a.,cr 

a 


a 


cr  ,a 
P 


P 


= General  cross-section  of  a body,  particle,  or 

2 2 
molecule,  m or  cm  . 

= (Wavelength  averaged)  photon  absorption  cross-section 
2 2 

of  molecules,  m or  cm  . 

= (Wavelength-  and  size-averaged)  photon  scattering 

2 2 

cross-section  of  a solid  microparticle,  m or  cm  . 


o ,CT  ...  = Average  photon  scattering  cross-section  of  molecules 

s’  sc^  Rayleigh  ^ ^ 22 

(Rayleigh  scattering),  m or  cm  . 


= Apparent  or  equivalent  isotropic  photon  reflection 

2 

cross-section  ov  a vehicle  or  oody  in  space,  m . 
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o 

e 


'Yi 


= o^i(X) 


a-Y  =a,Y(X) 


^a/e  ^a/X 


= CT 


a/X 


= Apparent  or  equivalent  isotropic  emission  cross- 

2 

section  of  a vehicle  or  body  in  space,  m . 

- Gas-kinetic  collision  cross-section  of  molecules  m, 

2 2 
I , or  X,  m or  cm  . 

= Average  resonant  (V-V)  energy  transfer  cross-section 
for  collisional  interactions  between  excited  molecules 

Y.  and  non-excited  molecules  X resulting  in  excited 

■>  2 
molecules  X.,  m . 

I 

= Average  collisional  T-V  excitation  cross-section  for 
collisional  interactions  between  unexcited  molecules 

Y and  X resulting  in  the  excitation  of  molecule  X to 

11-2 
level  I,  m . 

= Absorption  cross-section  of  photons  of  wavelength  X. 

2 

by  molecules  X resulting  in  excitation  i,  m . 

= Stimulated  deexcitation  cross-section  by  photons  of 

wavelength  X for  excited  molecules  X.  resulting  in 

2 ' 
their  deexcitation,  m . 

= Average  collision  cross-section  between  air  molecules 

2 

and  exhaust  molecules,  m . 

2 

= Collisional  deexcitation  cross-section,  m . 


a . 

I on 


Photo- ion i Tat  ion  cross-section  of  an  atom  or  molecul 

2 2 
m or  cm  . 


e, 


abs 


Photo-absorption  cross-section  of  an  atom  or  molecule 
2 2 

at  wavelength  X,  m or  cm  . 


= Macroscopic  photon  absorption  cross-section  (at 

, ^ - 1 -I 

wavelengtn  X),  cm  or  m * 


= Total  macroscopic  photon  extinction  cross-sact ion  (at 
wavelength  X),  cm  * or  m 


E 

5 


= ^^(X) 


Macroscopic  photon  scattering  crcss-sect ion  (at 
wavelength  X),  cm”*  or  m"*. 
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T . 
I 


T ,T 
C 


C 


T . 

qi 


T 


T 


T 


CD 


T 


M 


= Radiative  decay  time  of  excited  level  i of  species  X, 
sec . 

= Mean  dwell  time  of  exhaust  molecules  in  core  region 
in  deep  space,  sec. 

= Mean  or  effective  decay  time  of  excited  level  i due 
to  V-V  transfer  collisions  with  suppressant  molecules 
sec. 

= Average  regeneration  time  of  excitation  of  level  i 
in  the  AfMP  process,  sec. 

= Mean  time  between  collisions  for  excitation  of  level 
of  molecule  X when  the  lat<‘er  is  in  a cloud  in  the 
atmosphere,  sec. 

= Mean  time  before  photo-dissociation  of  molecules  X 
occurs  in  exosphere  due  to  solar  UV,  sec. 

= Mean  time  of  collisionless  travel  in  a sensor's  field 
of  view  for  air  molecules  colliding  with  exhaust 
molecules,  sec. 

--  Mean  dwell  time  ot  exhaust  molecules  in  the  core  of 
the  plume,  sec. 


T 

r 


= Mean  radiative  decay  time  of  excited  species  in  Mach 
core  region,  sec. 


^ S I 


sX 


= Effective  f ield-of-uiew  transit  time  defined  by 
Eqs.  (3.262)  or  (3.263).  for  molecules  i or  X,  sec. 


T^,T'_i,T^X  ~ Effective  f iel d-of -v i ew  transit  time  defined  by 

tqs.  (3.271)  and  (3.272)  for  molecules  i or  X,  when 
photo-dissociation  is  present. 
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u ,du 


Differential  element  of  volume,  m . 


- Average 
degrees 


flare  angle  of  plume  defined 
or  radians. 


in  Appendix  F, 


'fmax'('fcO> 


max 


= Maximum  average  flare  angle  reached  when  the  ambient 
pressure  p -♦  0,  degrees  or  radians  (see  Appendix  F). 

3 

_2 

= Solar  photon  flux  (at  wavelength  x),  photons  • m 

-I 

sec 


= Spectral  solar  photon  flux  (at  wavel ength  X ) , photons  • 

-2  -I 

m • nm  . 


0,  = Degrees  of  freedom  of  molecular  species  i;  for  diatomic 

molecules  0.  = 5 and  for  triatomic  molecules  0.  sa  7. 

0 = Special  parameter  defined  by  Eq.  (3.222),  used  in 

vibrational  matrix  element  calculations. 


0 ,0 


V X 


= Optical  angle  of  incidence,  degrees  or  radians. 

= View  angles  defined  in  figure  3. I,  degrees  or  radians. 

==  Photon  fluence  per  unit  frequency,  per  unit  wavelength, 
photons  cm.  • sec  • Hb 
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♦ : 


UJ 


n,d7 


Angle  used  in  dielectric  reflection  calculations, 
defined  by  Fq.  (3.39),  degrees  or  radians. 

Special  frequency  ratio  used  in  photoionization 
cross-section  caK-iat ons,  defined  by  Eq.  (G.7). 

X4t/*j  </fi 4 /rJ  »/- r k)  - 

Q4Lt>^£4r,»t^j  ?»y  <^(Sis.  ( C .>^3)  ■TitfUC.t/ 


= Dihedral  angle  between  planes  of  and  (see 
Figure  3.1). 

= Gain  in  concentration  of  species  1 in  exhaust  due  to 
creation  by  AB  process,  moles/kgm. 

= Sun-target-observ'  angle,  degrees  or  radians. 


= Angle  between  direct ioi  of  polarization  and  the  plane 
of  incidence,  radians  or  degrees. 

= Solid  angle,  differential  solid  angle,  steradians. 

^ /yfCTo/L,  7B  7lh 

Co.^iL  , jti  (.  3.^'/s ) . 
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UNITS  AND  CONVERSiON  FACTORS 


Prefix  Scaling  Values 


T 

Tera- 

^ 10^2 

G 

=-■ 

Gi  ga- 

= 10^ 

M 

Mega- 

^ 10^ 

k 

- 

ki  lo- 

O 

II 

h 

=- 

hectC' 

- 10^ 

da 

= 

deca- 

= 10 

Basi  c 

Uni  t - 1 

d 

= 

deci  - 

ll 

o 

1 

c 

= 

centi • 

CM 

1 

O 

II 

■ 

m 

= 

mi  1 1 i • 

- = 10"^ 

= 

mi  cro- 

■ ^ 10-^ 

n 

= 

nano- 

= io"^ 

P 

= 

pi  co- 

= 1C-12 

f 

femto* 

. = 10-^5 

a 

=■ 

atto- 

II 

o 

1 

00 

1 

pm  = 

io"’^ 

meters;  1 1 

= 1 0 Joules ; 


-3 

1 mTorr  = 10  Torr;  etc. 


he''  = 100  electronvol  ts  ; 


Length  : 

1 

m = 

1 meter 

- 1 00  cm 

1 

cm  = 

1 centimeter 

= 0.01  m 

1 

ft  = 

1 foot 

= 30.48  cm 

1 

i n = 

1 i nch 

= 2.54  cm 

1 

nm  = 

10"^  m 

= 1 0 ^ cm  ~ 1 0 A 

/t"-  " ’ ’ ' ■ 

iracEDn^  page  B]lank-not  s'ilmkd 
WvA‘.i'.,».>.t'V  ■ ■ - A-  • 
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o 

1 A 


1 |in 
1 km 
1 mi  . 

1 n.mi 


1 Angstrom  - 1 0“®  cm  = 10~’°  ni  = 1 0~’  mm 

1 .Tiicrometer  = 1 micron  = 10~^  cm  --  lO'^  m 
3 

10  meter  = 0.6215  mi  le 
'(  mile 

1 nautical  mile  = I.853  km 


Area 


1 barn 
1 a 
1 ha 
1 acre 


1 2 , ^-28  2 

10  cm  = 1 0 m 
1 are  = iO^  m^  = 10^  cm^ 

1 hectare  = 10^  m^  = 10®  cm^ 

43.560  ft^  = 0.4047  ha  - 4046.8564  m^ 


Volume : 


1 i 
1 mi 
1 gal 
1 qrt 
1 cu.ft. 
1 cu. i n. 


= 1 li  ter  1 000  cm^  = 1 .057  quart 

= i mi  1 1 i 1 i ter  = 1 cm^ 

= 1 gallon  = 4 quarts  = 3.7&5  1 
= 1 quart  = 0.9461  g, 

= 1 ft^  - 7.481  gal.  = 28.32  I 

- 1 i n^  = 1 6 . 3 87  cm^ 


Time: 


I 


1 s 
1 ms 
1 

1 ns 
1 year 
1 year 


- 1 sec  = 1 second 

= 1 mi  1 1 i second  = 10 


-3 


1 microsecond  = 1 o””  s 

-Q 

1 nanosecond  = 10  s 
365  days  = 8760  hours  = 

525,600  minutes  = 3.1536  X 10^  seconds 
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Mass  : 


1 9 
1 kg 
1 lb 
1 slug 

1 met ri  c ton  == 
1 British  ton  = 
1 amu  == 


-3 

1 gni  = 1 gram  = 10  kg 

1 ki  logram  = 1 0^  g 

1 pound  = 453.59  9 0.45359  kg 

32.174  lb  = 14.594  kg 

10^  kg  = 10^  g = 2205  lb 

2000  lb  = 907.2  kg 

1 atomic  mass  unit  = 1.65983  X 10 


Photon  Frequency; 
1 Hz 
1 Hz 
1 MHz 
1 GHz 
1 THz 
1 Hb 
1 Hb 
1 mHb 
1 pHb 
1 mHb 


= 1 hertz  - 1 s ^ - 1 cps  = 1 cycle  por 

= 33.356  pHb  = 3.3356  X 10"’^  Hb 
= 1 megaherz  = 1 0°  Hz  = 0.033  mHb 
= 10^  Hz  = 33  mHb  = 0.033  Hb 
= 1 terahertz  = 10^^  Hz  = 33-36  Hb 

= 1 herzberg  =1  cm  ^ =1  wavenumber 

= C.03  THz  = 30  GHz 

= 1 mill} herzberg  = 1 0 ^ Hb  = 1 0 ^ cm  ^ 

-1  2 

= I pi  cohe*'zberg  = 10  Hb 
= 30  Mhz 


Energy  : 

1 erg 
1 J 


1 eV 


2 ”2  -7 

= 1 dyne-cm  = 1 g • cm  • s =10  J = 

= 6.2418  X 10’’  eV 

2 -2  7 

= 1 Newton-m  =1  kg  • m • s =10  erg 

= 6.2418  X 10’®  eV 

-1 2 

= 1 electron-volt  = 1.6321  X 10  erg 

= 1 .6021  X lO’^'^  Joules 


second 
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1 

ca  1 

1 calorie  = 4.18  J = 4.l8  X 10^  ergs 

1 

kca  1 

1 Cal  = 1 kilocalorie  = 1000  cal  = 4,180  J 

1 

sV/mo 1 ecu  1e 

= 

23.06  kca 1 /mole 

1 

BTU 

= 

252  cal  = 778  ft  • lb  = 1055  J 

Po'-;er  : 

1 

W 

= 

1 watt  = 1 J . s“^  =10^  erg  s“’ 

1 

kW 

= 

•? 

1 Ki  lowatt  = 10"^  W 

1 

HP 

= 

1 Horse  Power  = 0.746  kW 

1 

BTU/hr 

= 

0.29306  W 

Pressure : 

1 

atm 

= 

1 atmosphere  = 76O  Torr  = 1.0133  bar  = 14.696 

psi 

1 

For  r 

= 

1 mm  He  -■  1.3158  X 10  ^ atm  - 1333*2  dyne  * cm 

-2 

1 

bar 

= 

O.9S69  atm  = 750  Torr  = 10^  dyne  cm'^  = 10^ 

pasca 1 

1 

pasca 1 

-2  -2  -2 
1 Newton  . m =10  mba»-  = 10  dyne  cm 

1 

psi 

= 

1 lb  • in  ^ = 6.895  X 10^  dyne  • cm  ^ 

1 

psf 

= 

1 lu  • ft  ^ = 478.8  dyne  *011  ^ 

Force : 

1 

dyne 

= 

-5  _2 

1 0 newton  =1  g • cm  • s 

1 

newton 

= 

-2  5 

1 kg  ■ m • p,  =10  dyne  = 7*2330  pounda  1 

1 

pounda 1 

0.031081  Ibs-force 

1 

Ibs(f) 

- 

pound-force  0.4536  kg(f)  = 4.445  Newton 

1 

g(f) 

= 

gram-force  = 980  dyne  = O.OO98O  Newtons 

1 

Mg(f ) 

= 

3 6 

10  kg(f)  = 10  g(f)  = 9»800  Newtons 
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T emperatu  re : 


E lectri ca 1 


C y 

- 1 degree  Kelvin  = j R 

- 1 degree  Rank!  ne  = ■^  °K 
= (x  + 273.16)  °K 

(x  + 459.7)  °R 
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1 Faraday 


- 1 coulomb  = 6.242  X 10  electrons 

= 96,520.1  C = 6.0247  X 10^^  electron  charges 

= 1 amp  = 1 ampere  =1  C • s ^ = 

= 6.242  X 1 0^ ® electrons  • s ^ 

= 1 volt  = 1 W • a"’  = 1 J . C"’ 

= 1 ohm  = 1 V • a"’ 


= 1 farad 


1 esu 


1 debye 


= 1 henry 

1/2  1 /2 

= 1 electrostatic  charge  unit  = 1 erg  cm 

= 1 .6021  X 10”’^  C 

= 1 dipole  moment  unit  = 1 0~^  ® erg^^^  cm^'^^ 
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BASIC  PHYSICAL  CONSTAMTJ 


Avogadro’ s Number 


Atom! c Mass  Uni  t 


Boltzmann  Constant 


Gas  Constant 


Planck' s Constant 


Ve loci ty  of  Li  ght 


= 6.02471  X 10^^  molecules  . (mole)  ^ 

= A~’  = 1.65983  X 10"^^  g 

= 1 .3804  X 10"’^,  erg  • (°K)"’ 

= 1 .3804  X 10"^’,  Joule  . (°K)"’ 

- 0.86167  X 10”^,  eV  • (°K)"’ 

= 8.317  X 10^  erg  -(°K)"’  . (mole)"’ 

= 1.987  cal  • (°K)  ^ • (mole)  ^ 

= 83.17  bar  ■ cm^  . (°K)  ^ . (mole)  ^ 

= 82.08  atm  • cm^  • (°K)  ^ • (mole)  ^ 

= 6.6252  X 10"^^  erg/Hz 

= 6.6252  X 10"^^  Joules/Hz 

= 1.9862  X 10  ergs/Hb 

= 1.9862  X 10"^^  Joules/Hb 

= 2.99793  X 10’°  cm/ sec 

= 2.99793  X 10®  m/sec 


Electronic  Charge  Squared 


= 2.3068  X 10  erg  - cm 
—7ft 

= 2.3068  X 10  Joule  • n 
= 1 .440  X 10'^  eV  . cm 


Electronic  Charge 


E 1 e'" t ror*l  •'  Ma«<; 


= 4.8029  X 10"  erg 
= 4.8029  X 10"’°  e*U 

==  n.A4875  X 1.0*^  amu 

= 0.9108^'X  10  g 

= 0.91083  X 10“^°  kg 


-10  1/2  1/2 
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Proton  Mass 


- 1 .00759  amu 


- 1836.2  m 

e 

= 1 .67243  X :o"“^  g 
= 1 .67243  X 10“^^  kg 


Neutron  Mass 


= 1 . 00898  amu 


= 1 83  3 , 7 m 

e 

- 1 .67474  X 10~^^  g 
= 1 .67474  X 10"^^  kg 


Hydrogen  Atom  Mass 


= 1 . 0081 4 amu 


Farth  Gravitational  Constant 


Bohr  Orbit  (Hydrogen  Atom) 
Radi  us 


Classical  Electron  Radius 


’equator 


= 1837.1  m 

e 

■=  1 .67334  X 10"^^  g 

= 1 .67334  X 10"^''  kg 

= 980.665  cm/sec^  = 9.80665  m/sec^ 
= 983  cm/sec*"  - 9.83  m/sec^ 

= 978  cm/sec^  = 9.78  m/sec' 

= a^  = h^/(4n^m^e^)  = 

= 0.52917  X 10“^  cm 

= 0.52917  X 10"’°  m 


= e^/(m  c^)  = 


0.28178  X 10"^^  cm 
0.28178  X 10“’^  m 


Compton  Election  Wavelength  \ 


= h/m  c = 2.42626  X 1C"’°  cm 
e 

= 2.42626  X 10"’^  m 


529 


FTD-CW-01-01-74 
Vol.  I 


June  197^ 


Fine  Structure  Constant 


he  137.0^ 


n anck/Bol tmann  Ratio 


= 1.43886,  (°K)  . Hb"’ 

= 4.  79948  K 10"^\  (°K)  • Hz“^ 


V/dberg  Energy  (ionization  Energy  Ry 
cT  Hydrogen  Atom) 


2tt  m e 

e 


= 13.805  eV 


= 2.1/97  X 10'^’  erg 

= 2. 1 797  X 10"^®  Joules 


Electron  Rest  Mess  Energy 


m c = 0.51098  X 10  eV 
e 

= 8,186^+  X 10"^  e^g 

- 8.1  864  X 1 0 ^ ^ jou  1 e s 


t lectroft  Velocity  in  Bohr  Orbit 


= ■ 2.188  X 1 0®  cm/sec 

= 2.188  X 10®  m/sec 


Thomson  Electror.  Cross-Section 


8 2 8tt  e 

= r Tf  a = r 

3 ^ t r.^ 

3 m^c 

= 0.6652  X 10"^^  cm^ 

= 0.6652  X 10”^® 


Bohr  Orbit  (Hydrogen  Atom) 
Cross-Secti  on 


Stftfan-Bci tzmann  iRadiatlonI 
Constant 


2 h" 
na^  5-  = 

4tt  me*" 

= 0.8798  X 10"’®  cm^ 

= 0.8798  X 10"^*^  m^ 

15 

= 4.66S7  X 10“^^  W • cm“^  • (°K)“^ 
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Photon  Paraiiieter  Conversions 
^Energy  e,  Frequency  v, 
Wavelength  \) 

V 

V 

= c • X"’ 
= s.h-' 

(1  Hz  = 1 sec  ^ : 1 Hb  --  1 cm  ^ ) 

v(Hz^ 

= 2.997S3  )(  10^°  • X 

^ (cm 

v(Hb) 

= A (tm; 

'j(Hz) 

- 1 . 5094  X 1 0^^  • 6 

(erg) 

v(Hb) 

= 5.0>7  X 10^^’  • € 

(erg) 

v{Hz) 

= 2.4182  X 10^"^  • e 

(eV) 

v(Hb ) 

--  8066.1  66  • e (eV) 
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ABSTRACT 


A review  it  yivtn  of  various  mechanisms  responsible  for  tha 
generation  of  infrared,  visible,  and  ultraviolet  radiation  from  aerospace 
rockets.  Key  mechanisms  responsible  for  most  of  the  observed  radiation 
are  identified  by  examining  the  order-of -magn i tude  of  the  energy  that  is 
fed  to  each  one.  For  the  exhaust,  the  major  mechanisms  are: 

Undisturbed  Core  Relaxation  (CORE);  Afterburning  (AB);  Air 
Shock  Collisional  Deceleration  (CD)  Atmospneric  Pumping  (ATMP) ; 
Solar  Scattering  by  Particles  (SOSP/;  Solar  Ultraviolet  Absorp- 
tion and  Keradiation  (SUAR), 

while  radiation  from  vehicle  hardware  is  primarily  caused  by: 

Vehicle  Body  Solar  Reflections  (VBSR);  Vehicle  Body  Earth- 
shine  Reflections  (VBER);  Vehicle  Body  Self-Emissions  (VBSE). 


The  AB  and  CD  mechanisms  are  coupled  and  abbreviated  ABCD. 
CORE  and  ABCD  radiation  are  produced  in  different  regions  of  the  rocket 
plume  and  it  is  shown  that  they  can  be  analyzed  separately;  together 
they  are  responsible  for  most  of  the  infrared  emissions  from  a thrusting 
rocket.  ATMP  is  a weak  infrared  afterglow  radiation  from  the  slowed- 
down  exhaust  cloud  that  is  active  only  at  medium-high  altitudes.  It 
•decays  slowly  but  is  usually  not  observed  because  of  its  dilution  and 
because  It  is  outside  the  f ield-of-view  of  a vehicle-tracking  sensor. 

SOSP  and  SUAR'  are  primarily  operative  in  the  visible  part  of 
the  spectrum.  SUAR  is  important  at  altitudes  above  135  km  and  is  shown 
to  be  the  origin  of  several  spectacular  emissions  in  thu  visible  observed 
during  the  Apollo  space  flights. 

After  a qualitative  survey,  detailed  quantitative  expressions 
are  developed  fur  each  of  the  main  mechanisms.  These  expressions  provide 
the  spectral  radiance  as  a function  of  altitude  for  different  types  of 
fuel/exhaust  species,  rocket  hardware  parameters,  and  rocket  trajec- 
tories. In  the  derivation  of  the  analytical  expressions  for  ABCD  and 
CORE  radiances,  a new  approach  is  presented  which  differs  from  most 
ca- 1 ier  techniques.  The  new  approach  consists  of  applying  the  conserva- 
tion law  to  thn  rate  of  production  and  loss  of  excited  states  In  the 
plume,  the  use  of  Gauss  divergence  theorem  to  the  radiating  region,  and 
the  application  of  generalized  spectral  broadening  functions  which  are 
evaluated  in  Volume  II.  Although  some  inevitable  app.'oxi mat  ions  are 
used,  the  new  technique  appears  to  give  results  that  are  more  tractable, 
more  general,  and  more  exact  than  those  obtained  by  earlier  methods. 
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' Examples  are  'f+n*lly  presented  on  how  to  calculate  altitude 
dependent  rocket-radiaticn  signatures  In  the  Infrare  Computer- 
calculated  curves  of  the  Integrated  r.jdlatlon  in  selected  ^^ectral  ranges 
of  the  2.66  pm  H^O  band  and  the  4.26  pm  COg  band  are  shown  as  a function 
of  flight  time  for  two  different  rockets.  Computer-calculated  NIR  and 
UVIS  spectral  emissions  are  also  presented  as  a function  of  wavelength 
for  a given  a 1 1 1 tude. 
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where: 


f(^) 


exp-(4x  cot  *x)  I 
I - exp-(2TiAr)  j 


(G.6) 


X 


(G.7) 


and  where: 

Z cc  - Effeciive  charge  number  of  atomic  shell  from 
ef  f ^ 

which  electron  under  consideration  is  removed 
in  the  ionization  process  (see  Table  G-l). 

V.  = Ionization  frequency  for  electron  transition 
ion  ' 

under  consideration  in  atom  or  molecule,  Hz 
V - Photon  frequency,  Hz 


For  frequencies  v such  that  v,  £ v£  6v . , Eq.  (G.6)  may  be 

ion  ion  ' 

approximated  with  an  accuracy  of  I percent  by  (Ref.  44): 


f(^) 


V £ 6v 


ion 


) 


(G.8) 


With  (G.8)  substituted  in  Eq.  (G.5),  one  then  obtains  the  useful  relation: 
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In  Tables  G- I and  G-2, 
atoms  and  molecules. 


values  for  Z and  v.  are 
eff  ion 


listed  for  some 


G.2  RAYLEIGH  SCATTERING 

To  obtain  theoretical  relations  for  the  Rayleigh  scattering  of 
photons  by  molecules,  one  requires  again  the  theory  of  quantum  mechanics. 
From  Refs.  44  and  45,  one  finds  that: 


k 


\ 


\ 

1 

1 


^*^sc  _ 8_n  / V \ / [ + cos  ^9  \ 

dn  “ 3 "^outer^n,^  cV  \ 16  n/3  / 


= 3.9706  X lO"^*  2 


outer 


fe)‘ 


+ cos*0)  , 


cm 

ster 


(G.9) 


Here  z ^ is  the  number  of  electrons  in  the  outer  valence  shell  and  v.  is 
outer  ion 

the  average  ionization  frequency  of  the  valence  shell  tabulated  in  Tables  G- I 
and  G-2. 

The  total  cross-section  Is  obtained  by  integrating  (G.9)  over  all 
solid  angles  (dl  = 2tt  sin0  d0).  The  result  Is: 
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TABLE  G-l.  EFFECTIVE  CHARGE  NUMBERS  AND  IONIZATION  FREQUENCIES  OF  OUTER 
(VALENCE)  SHELL  FOR  THE  FIRST  36  ELEMENTS  OF  THE  PERIODIC  TABLE 
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Ion i zat i on 

Energy, 

E.  , eV 
ion 

Ionization 
Frequency 
V.  ,THz* 

Effect i ve 
Nuc 1 ear 
Charge, 

/ '' 
, / ion 

eff  V Ry 

13.595 

3320.7 

1.00 

24.580 

6003 . 9 

1.35 

5.390 

1316.6 

1.25 

9.320 

2276.5 

1 .66 

8.296 

2026.4 

1.56 

11.264 

2751.3 

1.82 

14.54 

3551.5 

2.07 

13.614 

3325.4 

2.00 

17.42 

4255.0 

2.26 

21.559 

5266.0 

2.52 

5.  138 

1255.0 

1.84 

7. 644 

1867.  1 

2.25 

5.994 

1461.7 

1.99 

8.  149 

1990.5 

2.32 

iO.43 

2547.6 

2.62 

10.357 

2529.8 

2.62 

13.01 

3177.8 

2.93 

15.755 

3848.3 

3.23 

4.339 

1059.8 

2.26 

6.  1 1 1 

1492.7 

2.68 

6.56 

1602.3 

2.78 

6.83 

1668.5 

2.84 

6.738 

1645.8 

2.82 

6.76 

165  1.2 

2.82 

7.432 

18 15.3 

2.96 

7.896 

1928.7 

3.05 

7.86 

19 19.9 

3.04 

7.633 

1864.4 

3.00 

7.723 

1886.4 

3.01 

9.391 

2293.8 

3.32 

5.97 

1458.2 

2.66 

8.  13 

1985.8 

2.09 

10.05 

2454.8 

3.43  . 

9.750 

238  1 .5 

3.38 

1 1.84 

2892.0 

3.73 

13.996 

3418.7 

4.06 
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table  G-2.  effective  CHARGE  NUMBERS  AND  IONIZATION  FREQUENCIES  OF  OUTER 
(VALENCE)  SHELL  FOR  MISCELLANEOUS  MOLECULES 


Ion i zat ion 

Energy, 

E.  , eV 
ion 


Va  lence-Shel 1 
Equ i valent 
Principal 
Quantum 
Number, 


Equivalent 

Principal  , • 4.* 

n ^ Ionization 

Quantum  r-^  „ — 

Number  for  eque 

Lowest  ion  ' 

Exci tations. 


V.  , THz 
ion  ' 


Ef fee  t i ve 
Charge, 


Z = n 
ef  f V 


3767.0 

2980.0 

3804.6 

3834.9 

2804. 1 
342  1.8 
31  I 1.9 
3852.0 

2259.4 

32 16.9 

2564.7 
3082.  I 

3363.2 

3149.2 

2388.9 

3014.2 

2557.9 

3397.7 

2745.5 

2461.9 

3126.5 

2480.2 

3172.9 


1.065 
2.842 

3.2  11 
3.224 
3.676 


2.904 
2.  154 
2.475 


2.636 


4.026 
3.895 
3.393 
3.8  I I 
2.633 
3.035 
3.637 
4.3C5 


1.955 
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(g.  k 


For  most  molecules  z ^ sa  2. 

outer 

Often  it  is  convenient  to  express  (G.  lO)  in  terms  of  wavelength  \ 

instead  of  frequency  v (=  c/\) , and  in  terms  of  the  ionization  energy 

instead  of  v.  . In  this  case  Eq.  (G.  lO)  becomes: 
ion  TV/  ^ 


(G.  I 


where; 


( G . I 


Here  the  wavelength  is  in  iJim  and  we  have  normalized  Eq.  (G.  ll)  to 

the  value  for  the  nitrogen  molecule  , for  which  = 15.576  eV,  and 

z - 2,  and  thus  C.  = I*  Values  for  E.  are  also  tabulated  in 

outer  ^lon  ion 

Tables  G- ! and  G-2. 

Comparing  Eq.  (G.  lO)  with  (G.8)  it  is  clear  that  Rayleigh  scattering 

“8 

is  very  weak  (by  a factor  of  ~ 10  ) coinpared  to  photo i on iza lion  for  v ~ v. 
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APPENDIX  H 

ATMOSPHERIC  TRANSMISSION  OF  SOLAR  ULTRAVIOLET 
RADIATION  AT  HIGH  ALTITUDES 


» 


f 


— 1 • 


I 


To  calcula*:e  ionization  and  excitation  rates  at  high  altitudes  for 
the  SUAR  mechanism  discussed  in  section  3.3.7,  it  is  necessary  to  have  an 
expression  for  the  UV  photon  flux  as  a function  of  altitude.  In  the  exosphere 
(above  approximately  130  km),  the  UV  intensity  is  essentially  constant  and 
as  given  by  Eqs.  (3.238)  through  (3.29l)  of  section  3.3..7.  However  at  lower 
altitudes  these  expressions  must  be  multiplied  by  a transmission  factor 
Tr^  - Tr^(X,h,0^)  to  account  for  the  absorption  losses  suffered  by  solar 
photons  while  traveling  from  the  exosphere  to  the  atmospheric  high-altitude 
point  h(km)  of  interest  (see  Figure  2-4  of  Chapter  2). 

The  atmospheric  species  responsible  for  most  of  the  solar  UV 
absorption  in  the  atmosphere  are  oxygen  (O^)  , ozone  (Oj),  and  aerosols. 

Other  atmospheric  species  also  absorb  in  the  ultraviolet,  but  they  are  either 
present  in  much  lower  concentration,  or  their  absorption  cross-section  is  less. 
Removal  due  to  scattering  of  solar  UV  photons  also  occurs,  but  the  cross- 
sect iori  for  UV  scattering  is  much  lower  than  that  for  absorption,  as  may  be 
seen  by  comparing  Figure  H- I with  Figures  H-2  through  H-5  (see  also  Appendix  G) . 

Figures  H-2  through  H-5  show  consolidated  plots  of  ultraviolet  and 
visible  absorption  coefficients  as  reported  in  the  literature  ,Refs.  24,  46, 

47,  and  48).  These  absorption  curves  are  normalized  to  a molecular  density 
of  n 2.55  X lO'*  molecu les/cm’,  and  for  other  densities  n the  va'ues  shown 
in  the  graphs  must  be  adjusted  according  tc  th>  relation: 


Total  Photon  Scattering  Cross-Section,  cm 


FTD-CW-01-01-74 
Vol.  I 


June  197' 


Wavelength  >.  , 

?MOTOfk  SCAi'TStlMG  CWS-SCCTIOHS 


Extinction  Coefficient 


Extinction  Coefficient 


FTD-CW-01-01-74 


Ion  I /a  t i on  A 
D i ssoc i a t i on 


Ion ; zal I on  A 
Di  ssociat ion 


u 


NOTE: 

a 

o 

n G cm 
o 

^ 10^  n CT  km  ' 

o 

n 

o 

2.55  X 

1^19  molecules 

f 3 

cm 

c 

a • a 
a s 

Ex  t i nc  t i on 

Cross-Section  cm^ 

T : 
o 

300  " K 

u I I 

mTT' 


S8BS 

liii 


4— f ♦-!- 

t -r  ♦ 

♦ . ♦- 


'hi± 


Scatter i ng 


Sea  t ter i ng 


I 


:“£rcici£\^‘.  Of 


Extinction  Coefficien 


